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The first edition of Building Systems for Interior Environments 
arose from my need for a textbook to use in teaching interior 
design students that gave them the understanding and skills to 
work with architects and engineers. This third edition of Building 
Systems for Interior Environments updates the role of interior 
designers as part of the building design team, and addresses 
their special needs for information on today’s building system 
design and equipment.

Interior designers today work closely with other design and 
construction professions to provide functional, sustainable, and 
healthy buildings. Sophisticated digital control systems permit 
design that supports varied occupancy and work styles and 
schedules. This results in more individualized control of the in-
terior environment, which is conducive to worker satisfaction 
and productivity.

Sustainable design supports a holistic approach to building 
systems, where the older territorial distinctions between the vari-
ous building system and architectural/engineering disciplines are 
opening up. Existing buildings are being adapted and reused for 
new purposes. The impact of energy efficiency and water conser-
vation in buildings is widely recognized. This third edition of Build-
ing Systems for Interior Environments reflects these changes.

In addition, the third edition benefits from the comments 
of experienced educators as to the best ways to organize and 
focus the information. The updated contents are arranged to 
flow smoothly in an order that facilitates the teaching process.

Part I looks at environmental conditions and the site, the 
building envelope and the building design process, sustainable 
design, the interaction of the human body with the built envi-
ronment, and how building codes protect us. Part II addresses 
building forms, structures, and elements including floor/ceiling 
assemblies, walls, stairs, windows, and doors. Part III introduc-
es acoustic design principles and architectural acoustics. Part 
IV addresses water supply, waste, and reuse systems, as well 

Preface

as plumbing fixtures and appliances. Part V covers principles of 
thermal control, indoor air quality, ventilation, and moisture con-
trol, and heating and cooling. Part VI explains electrical system 
basics and electrical distribution, as well as lighting systems. 
Part VII concludes the book with coverage of fire safety design, 
conveyance systems, and communications, security, and con-
trol equipment.

More than 40 percent of the third edition’s text is new. This 
edition contains over 485 illustrations, approximately 260 of 
which are new and 160 redrawn or revised. There are also over 
175 tables, 125 of which are new or significantly revised. Ref-
erences to related materials in other chapters are included. 
Tips indicating material of assistance and interest to interior 
designers are also included. Key terms are defined in the text 
and indicated in bold. Quotations from architectural and engi-
neering sources aid in understanding the perspective of other 
design professionals.

Interior designers need to understand the viewpoints and 
respect the expertise of other design professionals. Building 
Systems for Interior Designers provides the information they 
need to do this, without delving into engineering calculations. It 
focuses on the parts of the building design process that most 
affect the occupants’ functional needs, and provides a techni-
cal but readily understandable foundation for the design of inte-
rior spaces. Residential as well as commercial and institutional 
spaces are included.

Building Systems for Interior Designers is listed by the Na-
tional Council for Interior Design Qualification (NCIDQ) as a ref-
erence for preparation for the NCIDQ exam. The third edition 
is supplemented by online materials including an Instructors 
Manual with knowledge areas, topics for discussion, and defini-
tions of key terms, PowerPoint presentations for each chapter, 
and a Test Bank with sample questions. Supplemental material 
is available at www.wiley.com/go/bsid3e.

Corky Binggeli, ASID
          Arlington, MA

http://www.wiley.com/go/bsid3e
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Interior designers today work closely with other design and construction profession-
als to provide functional, sustainable, and healthy buildings. Sustainable design is 
supporting a holistic approach to building systems, and older territorial distinctions 
between various architectural and engineering disciplines are opening up. Existing 
buildings are valued for the materials and energy they embody, and many projects 
involve the renovation of building interiors.

Interior designers are increasingly working as part of environmentally aware de-
sign teams. Sustainable design involves interior designers observing the impact of 
a building’s site, climate, and geography on its interior spaces. Building interiors 
are increasingly open to natural settings and views, and the interior designer’s work 
may bridge interior and exterior spaces. Wise energy use dictates awareness of 
how sun, wind, and heat or cold affect the building’s interior.

While focusing on building elements that affect interior designers, Building Sys-
tems for Interior Designers, Third Edition addresses this multidisciplinary approach 
to building design. We begin our study of building systems in Part I by looking at the 
relationships among the environment, the building, and human health and safety.

Chapter 1, “Environmental Conditions and the Site,” looks at climate change, 
energy sources and consumption, and how site conditions affect building design.

Chapter 2, “Designing for the Environment,” investigates the building envelope 
and the role of insulation in heat flow. Energy efficient design, the building design 
process, and sustainable design are introduced.

Chapter 3, “Designing for Human Health and Safety,” addresses the interaction 
of the human body with the built environment and how building codes protect us.

Part

I
The Building, 

The environmenT, and 
healTh and SafeTy
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A common thread … is the attitude that buildings and sites should be 
planned and developed in an environmentally sensitive manner, responding 
to context and climate to reduce their reliance on active environmental 
control systems and the energy they consume. (Francis D.K. Ching, 
Building Construction Illustrated (5th ed.), Wiley, 2014, Preface)
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outside through windows, telephones, mailboxes, and computer 
and video networks. Our buildings support our activities by dis-
tributing concentrated energy to convenient locations, primarily 
through electrical systems.

Finally, a building capable of accomplishing all of these com-
plex functions must be built without excessive expense or diffi-
culty. Once built, it must be able to be operated, maintained and 
changed in a useful and economical manner. The building should 
be flexible enough to adapt to changing uses and priorities. 
Eventually, the building’s components may be disassembled and 
returned to use in other construction.

The design of a building that incorporates all these func-
tions requires coordination between building systems’ designers, 
builders, and users. The building’s environmental conditions and 
its site generate complex factors for architects, engineers, and 
other design professionals. They, along with landscape archi-
tects, examine the site’s subsoil, surface water levels, topsoil, 
and rocks with regard to excavations, foundations, and landscap-
ing. Hills, valleys, and slopes affect stormwater drainage and soil 
erosion, and the location of roads and paths. Shelter from the 
wind or exposure to sunlight help determine where the building 
can be built and the type of landscaping. Nearby buildings create 
shade, divert wind, and change the natural drainage patterns; 
they can also result in a lack of acoustic and/or visual privacy.

IntroductIon
In Chapter 1, we begin to examine the design of the building and 
its site. Interior designers benefit from a general understanding 
of both passive systems and mechanical systems that meet the 

Buildings evolved from our need for shelter. In addition to shel-
ter, we depend on buildings for sanitation, visual and acoustic 
environments, space and means to move, and protection from 
injury.

A building’s form, scale, and spatial organization are the 
designer’s response to a number of conditions—functional 
planning requirements, technical aspects of structure and 
construction, economic realities, and expressive qualities 
of image and style. In addition, the architecture of a building 
should address the physical context of its site and the 
exterior space. (Francis D. K. Ching and Corky Binggeli, 
Interior Design Illustrated [3rd ed.], Wiley 2012, page 4)

We depend on the building’s site to provide clean air and to 
help control thermal radiation, air temperature, humidity, and 
airflow. Building structures rely on site conditions for support 
and to help keep out water and control fire. The site can also 
play a role in providing clean water, removing and recycling 
wastes, and providing concentrated energy.

Once these basic physical needs are met, we turn to creat-
ing conditions for sensory comfort, efficiency, and privacy. We 
need illumination to see, and barriers that create visual privacy. 
We seek spaces where we can hear others speak clearly, but 
which offer acoustic privacy. The building’s structure gives sta-
ble support for all the people, objects, and architectural features 
of the building.

The next group of functions supports social needs. We try 
to control the entry or exit of other people and of animals. Build-
ings facilitate communication and connection with the world 

1
Environmental conditions 

and the Site
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role in selecting interior materials that support the conservation 
of energy and the use of energy sources available on‐site.

The interior layout can support or block solar radiation to 
help keep the interior warm or cool. Selecting thermally mas-
sive interior materials can aid passive solar design. In many 
instances, the project is in an existing building, and most of the 
work is interior design. In addition, interior designers may be in-
volved in the design of outdoor spaces such as patios adjacent 
to the building.

clImatE changE
Interior designers’ concern for how a building responds to its 
site and climate, and how it fuels its operation are involved in 
their selection of interior materials that do not contribute to 
greenhouse gases and that support the conservation of energy 
and the use of sustainable energy sources.

According to the 2014 report of the Intergovernmental 
Panel on Climate Change (IPCC), the warming of the climate 
is unequivocal, and mostly caused by human‐created green-
house gases. (See Figure 1.2) The atmosphere and ocean have 
warmed, the amounts of snow and ice have diminished, and sea 
level has risen.

Continued emission of greenhouse gases will cause further 
warming and long‐lasting changes in all components of 
the climate system, increasing the likelihood of severe, 
pervasive and irreversible impacts for people and 
ecosystems. Limiting climate change would require 
substantial and sustained reductions in greenhouse gas 
emissions which, together with adaptation, can limit 
climate change risks. (IPCC Fifth Assessment Synthesis 
Report, Climate Change 2014 Synthesis Report Summary 
for Policymakers, www.ipcc.ch/)

environmental requirements of buildings. Awareness of building 
systems provides interior designers with the terminology and 
basic requirements to ask intelligent questions of architects, 
engineers, and contractors.

This awareness starts with a basic understanding of envi-
ronmental and site conditions. Climate affects how buildings 
are designed in different places and how they relate to their 
sites. An understanding of energy sources and their history 
helps put their use in buildings in perspective. As interior de-
signers seek to open building interiors to their surroundings, it 
is important that they understand what opportunities and chal-
lenges are involved.

Throughout history, buildings have looked both out to-
wards the surrounding site and environment, and in towards 
the people, activities, and objects they contain. (See Figure 1.1) 
Although interior designers are primarily concerned with the 
building’s interior, their work is often influenced by the building’s 
exterior construction and site.

The building’s form and orientation on the site are major 
concerns of the building’s architect. A building’s climate and 
surrounding natural and built features are priorities for the 
architect, landscape architect, and engineers. During the last 
decades of the twentieth century, architects began to expand 
their view of architecture to include areas of social concern, 
including accessibility and sustainable design, both of which are 
important to interior designers.

The design of the building, including its massing, configura-
tion, and orientation, generate the relationship between the in-
terior space and the exterior environment. In order to be active 
and responsible members of the building design team, interior 
designers must understand the roles and concerns of the archi-
tects, engineers, and other consultants who make up the design 
team. In turn, the rest of the design team will benefit from an 
awareness of the concerns they share with interior designers.

The interior designer’s concern about climate change and 
renewable energy sources leads to caring about how a building 
responds to its site and climate and how it fuels its operation. Al-
though they are not directly responsible for deciding on the site 
and building energy sources, interior designers can play a major 

Figure 1.1 Roman residence
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passive cooling, solar water heating, and photovoltaic (PV) 
electricity.

Some types of energy, such as solar energy, can be used 
directly by a building for heating and cooling. Others, such as 
electricity, are produced from another fuel source.

Electricity
Today’s buildings are heavily reliant on electricity because of 
its convenience of use and versatility. Electricity is considered 
a high‐quality energy source; however, only one third of the 
source energy (often coal) used to produce electricity actually 
reaches its end use, with most of the rest wasted during pro-
duction and transmission. As of 2009, consumption of electric-
ity has begun to decline for the first time since World War II, with 
reductions in all world regions except Asia and the Middle East.

Electric lighting produces heat, which in turn increases air 
conditioning electrical energy use in warm weather. The use of 
daylighting is an important sustainable design technique. How-
ever, daylight is dependent on weather and time of day, so elec-
tric lighting continues to have an important role.

For more information on daylighting and electric lighting, see 
Chapter 17, “Lighting Systems.”

The use of electricity for space heating employs a high‐qual-
ity source for a low‐quality task. Passive or active solar heating 
design uses this unlimited, free source of energy to heat build-
ing interiors.

See Chapter 14, “Heating and Cooling,” for more information on 
solar heating design.

renewable Energy Sources
Renewable sources include solar (heat, light, and electricity), 
wind, hydroelectric, geothermal, and biomass. Electricity pro-
duced by solar or wind energy can in turn be used to generate 
hydrogen, a high‐grade fuel, from water. The above are all con-
sidered to be renewable resources because they can be con-
stantly replenished, but our demand for energy may exceed the 
rate of replenishment. Some, such as hydroelectric power, can 
have negative impacts on the environment.

Solar EnErgy
The sun acts on the earth’s atmosphere to create climate and 
weather conditions. The earth’s rotation determines which part 
of the earth faces the sun, controlling day and night. Plant life 
depends on the sun’s energy for growth, and humans and other 
animals depend on plants for food and shelter. Solar energy is 
the source of almost all of our energy resources. It does not pro-
duce air, water, land, or thermal pollution, and is decentralized 

Small increases in global temperatures are already result-
ing in hotter summers, changes in precipitation patterns, and 
rising sea levels. More droughts are occurring in some areas, 
with floods in others. Warm climate diseases such as malaria 
are likely to spread. Species extinction is anticipated.

Damaging results include the melting of permafrost in northern 
Canada, Alaska, and Russia, which can cause huge amounts of 
organic material to decompose, giving off carbon dioxide (CO2) 
and methane. According to the US Environmental Protection 
Agency (EPA), permafrost melting is already causing sinking 
land that can damage buildings and infrastructure.

EnErgy SourcES
According to the EPA, US buildings account for 41 percent of 
total energy use and 65 percent of all electricity consumption. 
The sources of the energy that is used to construct and operate 
buildings are important to interior designers concerned about 
global climate change and energy conservation. As part of the 
building design team, interior designers can support the use 
of sustainable energy sources as well as efforts toward pas-
sive design. Conserving energy and using clean and renewable 
energy sources in buildings reduces the amount of air pollution 
produced by electric power plants and by burning fuels in build-
ings.

Energy sources are often categorized as renewable or non-
renewable. Renewable energy is energy that comes from nat-
urally occurring resources such as sunlight, wind, or geother-
mal heat that are naturally replenished on a human timescale.

All of our energy sources are derived from the sun, with 
the exception of geothermal, nuclear, and tidal power. Before 
1800, solar energy was the dominant source for heat and light, 
with wood used for fuel. Wind was used for transportation and 
processing of grain. Early industries located along rivers and 
streams utilized waterpower. In the 1830s, the earth’s popula-
tion of about one billion people depended on wood for heat and 
animals for transportation and work. Oil or gas were burned to 
light interiors. By the 1900s, coal was the dominant fuel, along 
with hydropower and natural gas. Around the beginning of the 
nineteenth century, mineral discoveries led to the introduction 
of portable, convenient, and reliable coal, petroleum, and natu-
ral gas fuels to power the industrial revolution.

Fossil fuels such as coal, petroleum, and natural gas were 
formed from decaying plant and animal matter over vast peri-
ods of time beneath the earth’s surface. Although fossil fuels 
continue to be formed, their timeframes are such that they are 
not replaceable at anything like the rates that they are being 
used, and they are not considered to be sustainable materials. 
Remaining world fossil fuel reserves are limited, with much of it 
expensive and environmentally objectionable to remove. Build-
ings being built today could outlive fossil fuel supplies used at 
current rates.

As the world’s supply of fossil fuels diminishes, buildings 
must use non‐renewable fuels conservatively if at all, and look 
to on‐site resources such as daylighting, passive solar heating, 
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Solar radIatIon
Solar radiation drops with the distance from the sun, as solar 
rays spread out. The path of solar rays through the atmosphere 
is longer in the morning and evening than at noon, and longer at 
noon at the poles than at noon at the equator. (See Figure 1.4)

The electromagnetic spectrum of radiation emitted by 
the sun includes wavelengths ranging from extremely short 
x‐rays to very long radio waves. (See Figure 1.5) Radiation is 
reflected, scattered, and absorbed by dust, smoke, gas mol-
ecules, ozone, carbon dioxide, and water vapor in the earth’s 
atmosphere. Radiation that has been scattered or re‐emitted is 
called diffuse radiation. The portion of the radiation that reach-
es the earth’s surface without being scattered or absorbed is 
referred to as direct radiation.

Ultraviolet (UV) wavelengths make up only a small percent-
age of the sun’s rays that reach sea level, and are too short to 
be visible by the human eye. UV radiation triggers photosyn-
thesis in green plants, producing the oxygen we breathe, the 
plants we eat, and the fuels we use for heat and power. During 
photosynthesis, plants take carbon dioxide from the air and give 
back oxygen. Humans and other animals breathe in oxygen and 
exhale carbon dioxide. Plants transfer the sun’s energy to us 
when we eat them, or when we eat plant‐eating animals. That 
energy goes back into the environment when animal waste de-
composes and releases nitrogen, phosphorus, potassium, car-
bon and other elements into the air, soil, and water. Animals or 
microorganisms break down dead animals and plants into basic 
chemical compounds, which then reenter the cycle to nourish 
plant life.

UV radiation kills many harmful microorganisms, purifying 
the atmosphere and eliminating disease‐causing bacteria from 

and very safe to use. It is used for space heating, hot water 
heating, and photovoltaic electrical energy.

During the day, the sun’s energy heats the atmosphere, 
the land, and the sea. At night, much of this heat is released 
back into space. The warmth of the sun moves air and moisture 
across the earth’s surface and generates seasonal and daily 
weather patterns.

Solar EnErgy hIStory
The sun has long been used to heat and illuminate buildings. The 
Romans incorporated glass windows into their buildings around 
50 bce to bring in daylight and solar heat, and wealthier Romans 
often added sunrooms to their villas.

In The Ten Books on Architecture, Roman architect and engi-
neer Marcus Vitruvius Pollio wrote:

If our designs for private houses are to be correct, we must 
at the outset take note of the countries and climates in which 
they are built. . . . This is because one part of the earth is 
directly under the sun’s course, another is far away from it, 
while another lies midway between these two. (Translated 
by Morris Hickey Morgan, Harvard University Press 1914, 
republished by Dover Publications, Inc., 1960, page 170)

Italian Renaissance architect Andrea Palladio (1508–1580), 
author of The Four Books of Architecture, was influenced by 
Vitruvius. Palladio placed summer rooms on the north side and 
winter rooms on the south side of his buildings to take advan-
tage of the sun.

In the seventeenth century, solar heating was revived in 
Northern Europe for growing exotic plants in greenhouses. Im-
proved glassmaking techniques led to the popularity of green-
houses (conservatories) attached to upper‐class residences.

American modernist architect George Frederick Keck 
(1895–1980) designed the “House of Tomorrow” for the Cen-
tury of Progress exhibition in Chicago in 1933. His realization 
that the all‐glass house was warm on sunny winter days, even 
without a furnace led to his designing solar houses in the 1930s 
and 1940s. (See Figure 1.3)

Figure 1.3 George Frederick Keck “House of Tomorrow,” 1933

Figure 1.4 Sun’s path through the atmosphere
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Sunlight can also be destructive. Most UV radiation is in-
tercepted by the high‐altitude ozone layer, but enough gets 
through to burn our skin painfully. Over the long term, exposure 
to UV radiation may result in skin cancer. Sunlight contributes 
to the deterioration of paints, roofing, wood, and other building 
materials.

Fabric dyes may fade, and many plastics decompose when ex-
posed to direct sun. This is an issue for interior designers when 
specifying materials.

Photovoltaic (PV) technology converts solar energy directly 
into electricity at a building’s site. PV collectors provide energy 
for heating water or for electrical power. PV cells are often made 
of silicon, the most common material in the earth’s crust after 
oxygen. PV cells are very reliable and have no moving parts. 
They produce no noise, smoke, or radiation.

See Chapter 15 Electrical System Basics for more information on 
photovoltaic (PV) technology.

The use of solar energy for heating requires consideration 
of shading to avoid overheating. Greek and Roman buildings 
used porticoes and colonnades for both shade and protection 
from rain. Following their example, Greek Revival architecture in 
the southern United States adopted large overhangs supported 
by columns, as well as large windows for increased ventilation 
and white exterior colors for maximum solar reflectance.

WInd PoWEr
Wind power derives from currents created when the sun heats 
the air and the ground. Wind power uses a turbine to convert the 
energy of wind flow into mechanical power that a generator can 
turn into electrical energy.

By 200 bce, windmills were used in China to pump water. By 
the eleventh century ce, windmills were used in the Middle East 
to grind grain. Their use declined as steam engines dominated 
during the Industrial Revolution. Larger wind turbines were 
developed in Denmark by 1890 to generate electricity. In the 
1930s, wind turbines brought low‐cost electrical power to rural 
areas of the United States. (See Figure 1.8)

Wind energy is plentiful in most of the United States. Wind 
turbines require a windy site, and raising the turbine as high 
as possible accesses higher wind speeds. (See Figure 1.9) 
Although wind is an intermittent source, turbines can be con-
nected to the electrical grid for steady power. Stand‐alone sys-
tems require battery storage. Hybrid systems combine wind 
with photovoltaics, with wind power dominating in less sunny, 
windier winters and solar power providing electricity in sum-
mers. The noise produced by small wind turbines is generally 
not objectionable to most people, and larger turbines are being 
engineered to reduce noise levels.

sunlit surfaces. It also creates vitamin D in our skin, which we 
need to utilize calcium. Photosynthesis also produces wood for 
construction, fibers for fabrics and paper, and landscape plant-
ings for shade and beauty.

Infrared (IR) radiation, with wavelengths longer than visible 
light, carries the sun’s heat. The sun warms our bodies and our 
buildings both directly and by warming the air around us.

The distance that radiation must travel through the earth’s 
atmosphere, as well as atmospheric conditions, largely deter-
mine the amount of solar radiation that reaches the earth’s 
surface. The distance varies with the angle of the earth’s tilt to-
ward or away from the sun. The angle is highest in the summer, 
when direct solar radiation strikes perpendicular to the earth’s 
surface. The angle is lowest in the winter, when solar radiation 
travels a longer path through the atmosphere. Consequently, 
the greatest potential solar gain (in the Northern Hemisphere) 
for a south‐facing interior space occurs during the winter. (See 
Figure 1.6) Nearer to the equator, the sun remains more directly 
overhead throughout the year. (See Figure 1.7)

The sun illuminates the indoors through windows and sky-
lights during the day. Direct sunlight is often too bright for com-
fortable vision. When daylight is scattered by the atmosphere or 
blocked by trees or buildings, it offers an even, restful illumina-
tion. Under heavy clouds and at night, artificial light provides 
adequate illumination.

Figure 1.6 Sun angles in northern latitudes
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Hydroelectric power has a long history. (See Figure 1.10) The 
world’s first hydroelectric power plant began operation on the 
Fox River in Appleton, Wisconsin, in 1882. By 1907, hydropower 
was providing 15 percent of US electrical generation.

Today hydroelectric power is almost exclusively used to 
generate electricity. The dams needed typically require flooding 
large areas of land to produce storage lakes. This disturbs the 
local ecology and can prevent fish from reaching their spawning 
grounds. Some outdated, dangerous, or ecologically damaging 
dams in the United States are being demolished.

Micropower systems are very small hydroelectric systems 
that rely on running river water without a dam. They require at 
least 3 feet (1 m) of elevation change, but work better with more.

gEothErmal EnErgy
Geothermal energy consists of the earth’s internal heat. About 
ten feet below the surface, the earth maintains a fairly constant 
temperature. A geothermal system collects, concentrates, and 
distributes this energy. There are two common applications of 
geothermal energy: extraction of heat originating deep within 
the earth, and geo‐exchange of heat near the surface using a 
heat pump.

Geothermal energy can be extracted where sufficient heat 
is brought near the surface by conduction, bulging magma, or 
ground water that has circulated to great depths. Geothermal 
energy is used to heat buildings in Iceland and Japan. In Boise, 
Idaho, direct geothermal energy heats over 65 downtown 
businesses.

The second process, geo‐exchange, uses a heat pump 
to extract heat from the ground just below the surface in the 
winter, and uses the ground as a heat sink for summer cooling, 
so the same heat pump can be used for both heating and cool-
ing. Geo‐exchange heat pumps can significantly reduce energy 
consumption and emission of pollution and greenhouse gases. 
A ground‐source heat pump offers much greater efficiency than 
an air‐source heat pump, is between three and four times as ef-
ficient as electric resistance heating, and uses 70 percent less 
energy than standard air conditioning equipment.

hydroElEctrIc PoWEr
Hydroelectric power (hydropower) is energy that is produced 
when water stored behind a dam is released at high pressure. 
This energy is transformed into mechanical energy, which is 
used by a turbine to generate electricity. In the United States, 
about 5 percent of energy is produced by falling water.

Figure 1.8 Wind turbine, 1930s

Figure 1.9 Wind turbine today

Figure  1.10 Water‐powered machinery for boring gun 
barrels 
Source: Reproduced from Diderot’s Encyclopedia (1777), in T.K. Derry 
and Trevor I. Williams, A Short History of Technology, Oxford University 
Press 1960, republished by Dover 1993, page 149
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a special PV electrical meter, net metering only charges the 
user for electricity used in excess to what they produce.

non‐Sustainable Energy Sources
Petroleum and natural gas split the energy market about evenly 
by 1950. The United States was completely energy self‐suffi-
cient, thanks to relatively cheap and abundant domestic coal, 
oil and natural gas.

Beginning in the 1950s, the United States experienced 
steadily rising imports of crude oil and petroleum products. In 
1973, political conditions in oil‐producing countries led to wildly 
fluctuating oil prices, and high prices encouraged conservation 
and the development of alternative energy resources. The 1973 
oil crisis had a major impact on building construction and opera-
tion. Unstable political conditions led to an emphasis on reduc-
ing imported oil. Between 2005 and 2011, the amount of oil 
imported by the United States dropped by 33 percent.

Our most commonly used fuels—oil, gas, and coal—are 
fossil fuels. We started using fossil fuels around 1850. Although 
limited supplies still remain, it is becoming continually more dif-
ficult to access them without causing environmental damage. 
Burning fossil fuels produces most of the air pollution and smog 
we experience, plus acid rain and global climate change. These 
resources are clearly not renewable in the short term, and are 
not sustainable resources.

oIl
Petroleum is a liquid mixture of hydrocarbons that is present 
in certain rock strata and can be extracted and refined to pro-
duce fuels including gasoline, kerosene, and diesel oil. It is of-
ten called “oil,” especially when used as a fuel or lubricant. Oil 
is used to heat buildings and to make lubricants, plastics, and 
other chemicals, as well as to power vehicles.

The first oil wells were dug in China starting around the 
fourth century ce. Oil was first distilled into kerosene for light-
ing in the mid‐nineteenth century. In 1859, the first oil well was 
drilled in Titusville, Pennsylvania. Fuel oil began to replace coal 
for building heating in the 1920s.

New wells are deeper, underwater, or in almost inaccessible 
locations. Oil shale is becoming a more common source of oil. It 
requires huge amounts of energy to extract oil from tar sands, 
resulting in a high cost to mine and a very high cost to the 
environment.

gaS
The first well intentionally drilled to obtain natural gas was drilled 
in 1821 in Fredonia, New York. It was originally used as a fuel 
for streetlights. In 1855, Robert Bunsen invented the Bunsen 
burner so that gas could be used to provide heat for cooking 
and warming buildings. However, there were very few pipelines 
for natural gas until the 1940s.

Natural gas is used to generate electricity, and for industrial, 
residential, and commercial uses. More than half of US commercial 
establishments and residences are heated using gas.

For more information on heat pumps, see Chapter 14, “Heating 
and Cooling.”

BIomaSS EnErgy
Biomass is the organic matter of plants. Photosynthesis pro-
vides the materials for biomass conversion, which includes the 
combustion of firewood, crop waste, and animal wastes. Bio-
mass can replace chemicals made from fossil fuels to generate 
electricity and as fuel for transportation vehicles.

Biomass makes use of energy from two types of sources: 
plants grown for their energy content, and organic waste from 
agriculture, industry, or garbage. When biomass decomposes, 
it creates food for new plants; converting it into energy diverts it 
from this use. Biomass can be considered to be carbon neutral, 
removing the same amount of carbon dioxide as it grows that is 
returned to the atmosphere when it is burned.

Biofuels derived from biomass include ethanol alcohol, 
biodiesel, and methane. Biomass conversion into fuel may re-
quire more energy than is obtainable from the product itself, in 
which case it is not a sustainable process.

hydrogEn
The most abundant element on earth, hydrogen is found in many 
organic compounds as well as water. Although not occurring 
naturally as a gas, it can be separated from other elements 
and burned as a fuel. Used in fuel cells, hydrogen combines 
electrochemically with oxygen to produce electricity and heat, 
with only water vapor emitted in the process. When used as a 
fuel, hydrogen is nonpolluting, producing only water when it is 
burned, and does not contribute to global warming.

Chemical bonds must be broken to free the hydrogen locked 
within compounds such as water. The most practical method 
involves production from water by electrolysis, which breaks 
water into hydrogen and oxygen by passing electrical current 
through water, using wind or PV‐generated electricity.

Hydrogen can be used to generate pollution–free electricity 
in fuel cells, or to power automobile engines. Hydrogen must be 
stored in heavy and expensive high‐pressure tanks. If stored as 
a liquid, it must be cooled to −423°F (−253°C).

StorIng rEnEWaBlE EnErgy
Both wind and solar energy are not easily stored. With any en-
ergy storage option, some energy is lost. Batteries lose some 
of the electrical energy they store as heat, and it takes a large 
volume of batteries to store a lot of energy.

Wind and hydropower generate electricity by mechanical 
means, and their energy can be stored before it is converted 
into electricity. Hydrogen produced by electrolysis can be 
stored and later recombined with oxygen to recover energy. 
Hydrogen fuel cells can produce a controlled release of stored 
energy.

Connecting a photovoltaic system to the existing electrical 
grid allows the grid to supply electricity when the PV system is 
inactive at night. Extra PV energy is sent onto the grid. Using 
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from coal combustion emissions, and older coal‐burning plants 
that still contribute significant amounts of airborne pollution are 
under governmental pressure to improve. Even with this equip-
ment, burning coal still produces CO2 and contributes to global 
warming.

The United States has enough coal to last well over a cen-
tury. However, deep mining exposes miners to the risk of explo-
sions and cave‐ins, as well as severe respiratory ailments by 
exposure to coal dust. Strip mining is damaging to the surface 
of the land, and reclamation, although possible, is expensive. 
The western United States, a location where water for reclama-
tion is a scarce resource, is the site of much of the current strip 
mining.

nuclEar EnErgy
Nuclear energy is produced by fission. The introduction of nu-
clear power promised an energy source that used resources 
very slowly.

The first nuclear power plant started operation in 1957. In 
2014, 62 operating nuclear plants with 100 reactors, located 
in 31 US states. Nuclear power produces around 20 percent of 
electricity consumed in the United States, according to the EPA.

Despite originally being hailed as the answer to our energy 
problems, nuclear fission has become one of the most expensive 
and least desirable ways to produce electricity. The narrowly 
averted disaster in 1979 at Three Mile Island, Pennsylvania; the 
1986 explosion at Chernobyl, Ukraine; and the Fukushima Daiichi 
nuclear disaster in 2011 in Japan have realized safety fears.

Nuclear plants contain high pressures, temperatures, and 
radioactivity levels during operation, and have long and expen-
sive construction periods. The public has serious concerns over 
the release of low‐level radiation over long periods of time, the 
risks of high‐level releases, and problems with disposal of radio-
active fuel. Nuclear reactors consume huge amounts of cooling 
water, and heat up rivers. Added to this is the threat of nuclear 
materials falling into the hands of terrorists or unreliable govern-
ments. Civilian use has been limited to research and generation 
of electricity.

global climate change
Global warming and cooling are part of the earth’s natural cycle. 
However, the global warming that is currently occurring is due 
in large part to the actions of human beings. The presence of 
certain gases in the atmosphere allows the sun’s ultraviolet 
(UV) radiation to pass through, but blocks the infrared (IR) radia-
tion emitted by sources on earth. The increasing production of 
some gases, most commonly carbon dioxide, is resulting in a 
warming trend called the greenhouse effect.

grEEnhouSE EffEct
The greenhouse effect is a natural phenomenon that helps regu-
late the temperature of our planet, protecting the earth’s sur-
face from extreme differences in day and night temperatures. 
Greenhouse gases are pollutants that trap the earth’s heat, 

Natural gas is primarily composed of methane, and produc-
es carbon dioxide when burned. It is delivered to most parts of 
the United States and Europe by an extensive network of pipe-
lines. Most of the easily obtained natural gas in North America 
has already been taken out of the ground, with limited supplies 
available from deep wells.

Natural gas recovered from shale now supplies 30 per-
cent of US natural gas. Supplies of natural gas from shale 
are relatively clean, compared to the coal used to generate 
electricity. However, the process of hydraulic fracturing 
(fracking) poses significant environmental risks, including the 
contamination of well water and the increased possibility of 
earthquakes. Extraction and transportation can emit methane, 
a greenhouse gas.

Liquid natural gas (LNG) is odorless, colorless, non‐toxic, 
and non‐corrosive. LNG is condensed and shipped in tankers 
at −260°F (−162°C) over long distances. High costs of produc-
tion and expensive cryogenic tank storage have limited its wide-
spread commercial use. Concerns about cost and safety have 
limited development of US terminals.

coal
Surface mining of coal and its household use is documented by 
archeological evidence in China from about 3490 bce. The pro-
cess of mining coal developed in sixteenth‐century Scotland, 
with advances in the seventeenth century. The Industrial Revolu-
tion in eighteenth‐century Britain led to extensive use of coal in 
Britain to drive steam engines. (See Figure 1.11)

Since the 1990s, coal use in buildings has declined, with 
many large cities limiting its application. Coal is the largest 
source of energy for the generation of electricity worldwide. 
It is also used for industrial processes such as refining metals. 
Currently in the United States, most coal is used for electric 
generation and heavy industry.

Coal is inconvenient to transport, handle, or use. Because it 
is dirty to burn and may cause acid rain, its use is restricted to 
large burners, where expensive equipment is installed to reduce 
air pollution. Modern techniques scrub and filter out sulfur ash 

Figure  1.11 Early nineteenth-century Bradley coal mine, 
Staffordshire, England 
Source: Reproduced from T.K. Derry and Trevor I. Williams, A Short 
History of Technology, Oxford University Press 1960, republished by 
Dover 1993, page 470



Environmental Conditions and the Site    |    11

ozonE
A blanket of ozone gas screens the earth from harmful UV radia-
tion from the sun. Depletion of ozone in the stratosphere results 
in more UV radiation reaching the earth’s surface. We need to 
preserve the high‐altitude ozone layer that intercepts most UV 
radiation before it can reach earth.

The thinning of the ozone layer has been in large measure 
due to the use of chlorofluorocarbon (CFC) refrigerants in build-
ing air conditioning systems. CFCs escaped from air condition-
ers, released as spray can propellants, or released from other 
refrigerant sources slowly migrated to the upper atmosphere, 
where they can continue to deplete the protective ozone layer 
for an estimated 50 years.

Production of CFC refrigerants has been banned, but previ-
ously released chemicals continue to thin the ozone layer. The 
US Clean Air Act of 1990 allows the sale of new refrigeration 
equipment that uses hydrofluorochlorocarbons (HCFCs) 
until 2020; after that, only service of existing systems will be 
permitted. In the United States, production levels of HCFCs are 
scheduled to be frozen in 2015 and banned entirely in 2030. 
As of 2014, the stratospheric ozone layer is recovering, but 
complete recovery is not expected until 2050 or later. Refriger-
ants including CFCs, HCFCs, and hydrofluorocarbons (HFCs) 
are also greenhouse gases that contribute directly to global 
warming.

See Chapter 12, “Heating and Cooling Systems,” for more infor-
mation on refrigerants.

Energy consumption by Buildings
According to the National Academies, 84 percent of the energy 
used in the United States comes from fossil fuels. With less 
than five percent of the world’s population, the United States 
consumes nearly 25 percent of primary energy consumption. In 
2010, buildings accounted for 41 percent of this use.

especially emissions of carbon dioxide from burning fossil fuels. 
As greenhouse gases accumulate in the atmosphere, they ab-
sorb sunlight and IR radiation and prevent some of the heat from 
radiating back out into space, trapping the sun’s heat closer to 
the earth. If all of these greenhouse gases were to suddenly 
disappear, our planet would be 60°F (15.5°C) colder than it is, 
and uninhabitable. Significant increases in the amount of these 
gases in the atmosphere cause global temperatures to rise.

Human activities contribute substantially to the production 
of greenhouse gases. Activities including building construction 
and operation are adding greenhouse gases to the atmosphere 
at a faster rate than at any time over the past several thousand 
years, accelerating global climate change. According to the US 
Department of Commerce National Oceanic and Atmospheric 
Administration (NOAA) Annual Greenhouse Gas Index for 2013, 
global warming has increased 34 percent since 1990.

Greenhouse gases include carbon dioxide, methane (which 
is pound for pound over 20 times greater than carbon dioxide 
over a 100‐year period), nitrous oxide, ozone, chlorofluoro-
carbons (CFCs) and other gases. (See Table 1.1) Most are pro-
duced by burning fossil fuels, which include coal, oil, and natural 
gas. Water vapor can also be considered a greenhouse gas, as 
it absorbs IR radiation reradiated from the earth.

The earth’s current average temperature is around 61°F 
(16°C). The polar ice caps are already melting, and as they do, 
sea levels will rise, leading to coastal flooding. Related changes 
in climate can affect agricultural production and the habitability 
of some regions.

We can help control global warming by reducing the use 
of fossil fuels through energy conservation and alternative fuel 
sources. Designers can design for energy conservation and the 
use of clean and renewable energy sources.

Interior designers can specify materials and equipment that 
avoid fuel combustion and environmentally damaging refrig-
erants, and select insulation, upholstery, and other products 
made with environmentally benign materials.

TABlE 1.1 GREEnHOUSE GASES
Greenhouse Gas Man‐made Sources Comments

Carbon dioxide (CO2) Burning fossil fuels, cement production, 
deforestation

After water vapor, the most common 
greenhouse gas

Methane (CH4) Landfills, rice farming, cattle raising, burning fossil 
fuels, landfills

Next most common greenhouse gas after CO2

Nitrous oxide (N2O) Nylon production, nitric acid production, agriculture, 
automobile engines, biomass burning

Third most common greenhouse gas after N2O

Hydrofluorocarbons 
(HFCs)

Fire suppressants, refrigerants Replacement for CFCs, do not affect ozone 
layer but add carbon dioxide

Perfluorocarbons (PFCs) Production of aluminum from alumina Very potent, very long‐lived

Sulfur hexafluoride (SF6) Electrical equipment manufacturing, window filling 
inert gas, magnesium casting

Extremely potent but low amount in 
atmosphere
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climates
Climate views the weather statistically over long periods of time, 
including such criteria as temperature, relative humidity, so-
lar radiation, and wind speed. Climates vary with the earth’s po-
sition in relation to the sun, and with latitude and longitude. The 
characteristics of a climate include the amount of sun, humidity 
and precipitation, and air temperature, motion, and quality.

Relative humidity (RH) is the amount of water vapor present in 
air expressed as a percentage of the amount needed for satura-
tion at the same temperature.

Designing for local climate conditions reduces the fuel 
needed to operate mechanical heating and cooling equipment. 
Interior shading reduces the need for mechanical cooling, while 
operable window treatments allow in the sun’s warmth when 
desired.

See Chapter 6, “Windows and Doors,” for more information on 
windows and window treatments.

local clImatES
Local temperatures vary with the time of day and the season 
of the year. Because the earth stores heat and releases it at 
a later time, a phenomenon known as thermal lag, afternoon 
temperatures are generally warmer than mornings. The lowest 
daily temperature is usually just before sunrise, when most of 
the previous day’s heat has dissipated. Although June experi-
ences the most solar radiation in the Northern Hemisphere, 
summer temperatures peak in July or August due to the long‐
term effects of thermal storage. Because of this residual stored 
heat, January and February—about one month past the winter 
solstice—are the coldest months. It is usually colder at higher 
latitudes, both north and south, as a result of shorter days and 
less solar radiation.

mIcroclImatES
Sites may have microclimates, different from surrounding 
areas, which result from the interaction of the larger climate 
with site‐specific characteristics such as topography, vegeta-
tion, elevation, proximity to large bodies of water, views, and 
wind patterns. Buildings influence microclimates by redirecting 
rainwater to nourish plants, blocking or channeling wind, and 
moderating or maintaining hotter temperatures by storing heat 
in massive materials. A site should be selected with its microcli-
mate advantages in mind.

hEat ISlandS
Cities sometimes create their own microclimate heat islands 
with relatively warm year‐round temperatures produced by heat 
sources such as air conditioners, furnaces, electric lights, car 

The sun’s energy arrives at the earth at a fixed rate, and 
the supply of solar energy stored over millions of years in fossil 
fuels is limited. As the population keeps growing, people contin-
ue using more energy. We do not know exactly when we will run 
out, but we do know that wasting the limited resources we have 
is a dangerous way to go. Through careful design architects, 
interior designers, and building engineers can help make these 
finite resources last longer.

The design of the building’s interior can help keep the 
interior warm or cool. Thermally massive interior materials 
support passive solar design, which relies on the design of 
the building itself, rather then on fuel‐consuming mechanical 
equipment.

Building designers and owners now strive for energy ef-
ficiency to minimize costs and conserve resources. United 
States building codes include energy conservation standards. 
The United States is increasingly taking energy use and global 
climate change seriously. The conservation of resources and 
use of environmentally friendly energy sources have become 
standard practice for building designers.

BuIldIng SItE condItIonS
Early in the design process, site‐planning decisions affect the 
options considered for building lighting and control systems, as 
well as the amount and type of energy used. The use of on‐site 
resources such as sun, water, wind, and plant life can replace or 
supplement the building’s dependence on non-renewable fuels. 
Site planning considers existing site conditions, climatic con-
ditions, and intended building use. It is important for interior 
designers to be informed and involved in the building design 
process from the beginning.

Building Placement
Where and how a building is positioned on the earth affects its 
structure, supply and retention of water, collection and reten-
tion of heat from the sun and the earth, cooling and ventilation 
by winds, exposure to fire, and level of acoustic quiet or noise. 
Each of these conditions shapes the building’s design; the result 
can reflect and communicate a sense of place.

connEctIonS to SurroundIngS
Buildings bring people, vehicles, materials, and sounds of ac-
tivity to a site. The site is connected to utilities including elec-
tricity, water, and natural gas. The building changes how the 
sight is illuminated with electric lighting at night. Heat flows 
both to and from the building through openings and the build-
ing envelope. Landscaping changes the flow of water, and liq-
uid and solid wastes are often moved offsite for treatment or 
disposal.

When a building fills an entire site, on‐site resources are 
limited, and wind and sunlight may be blocked. Less heat and 
water are able to be absorbed, and the roof may be the only 
area capable of nurturing plants.
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tEmPEratE clImatE dESIgn
Temperate climates have cold winters and hot summers. Tem-
perate climates are found between 35 degrees and 45 degrees 
latitude, in Washington, DC, for example.

A temperate climate favors a design that encourages air 
movement in hot weather while protecting against cold winter 
winds. Buildings designed for temperate climates employ winter 
heating and summer cooling, especially where it is humid. In the 
Northern Hemisphere, south‐facing walls are exposed to winter 
sun, with summer shade for exposures on the east and west 
sides and over the roof. Deciduous shade trees that lose their 
leaves in the winter help to protect the building from sun in hot 
weather and allow the winter sun through. (See Figure 1.13)

Adding materials that retain heat inside a well‐insulated build-
ing helps even out solar heat gains and losses through windows 
and internal heat gains from activities; it also moderates high 
summertime daytime temperatures.

hot arId clImatE dESIgn
Hot arid climates have long hot summers and short sunny win-
ters, and the daily temperatures that range widely between 
dawn and the warmest part of the afternoon. They may have 
very cold winters. Arizona is an example of a hot arid climate in 
the United States.

Buildings in hot arid climates feature heat and sun control. 
They often try to increase cooling and humidity by taking ad-
vantage of any wind and rain, and make the most of the cooler 
winter sun.

Designs for hot arid climates provide summer shade to the 
east and west and over the roof. They use massive walls to 
create a time lag as heat moves slowly from outside to inside. 
(See Figure 1.14) Strategies include shading small windows and 
outdoor spaces from the sun, with light interior colors to diffuse 
the limited daylight.

Enclosed courtyards offer shade and encourage air move-
ment, and the presence of a fountain or pool and plants increases 

engines, and building machinery. The amount of added heat in a 
heat island varies widely depending on its location, the season 
and time of day, and the buildings it contains.

Cities are often more cloudy than surrounding areas, and 
because of their accumulated heat, tend to have more rain in-
stead of snow. Wind is channeled between closely set buildings. 
High vertical walls and narrow streets diminish solar radiation. 
Sun is absorbed and reradiated off massive surfaces, and less 
is given back to the obscured night sky. Highly reflective glass 
surfaces intensify glare and add to summer cooling loads of ad-
jacent buildings. The convective updrafts created by the build-
ings in large cities can affect the regional climate.

clImatE tyPES
Environmentally sensitive buildings are designed in response to 
the climate type of the site. Indigenous architecture, which has 
evolved over centuries of trial and error, provides models for 
building in the four basic climate types: cold, temperate, hot 
arid, and hot humid.

cold clImatE dESIgn
Cold climates feature long cold winters with short, very hot pe-
riods occurring occasionally during the summer. Cold climates 
are generally found around 45 degrees latitude north or south; 
in the United States, North Dakota is an example.

Buildings designed for cold climates emphasize heat reten-
tion. Minimizing the surface area of the building reduces expo-
sure to low temperatures. The building is oriented to absorb 
heat from the winter sun. Passive solar heating is often used to 
encourage heat retention without mechanical assistance. Cold 
climate buildings may have fewer windows to limit heat loss. 
Wind protection may be necessary.

Setting a building into a protective south‐facing hillside re-
duces the amount of heat loss and provides wind protection, as 
does burying a building in earth. (See Figure 1.12)

Figure 1.12 Pioneer dugout home near McCook, nebraska, 
1890s Figure 1.13 House for temperate climate, 1930s
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Site conditions
Architects analyze the local conditions of the building site, in-
cluding sun and wind patterns in the summer and winter, water 
runoff patterns, and microclimate conditions. They look at how 
privacy and site access, views, sound, heat, light, air motion, 
and water change with the vertical distance from the surface, 
and apply this information to design the functions of building 
spaces to match the horizontal and vertical layers of the build-
ing. (See Figure 1.16)

The climate of a particular building site is determined by 
the sun’s angle and path, the air temperature, humidity, precipi-
tation, air motion, and air quality. Building designers describe 
sites by the type of soil, the characteristics of the ground sur-
face, and the topography of the site. The presence of water on 
the site affects the plants and animals found there. People living 
on the site are exposed to and alter its views, heat levels, noise, 
and other characteristics.

Building structures depend on the condition of the soil and 
rocks on the site. The construction of the building may remove 
or use earth and stone or other local materials. Alterations de-
stroy, alter, or establish habitats for native plants and animals. 
Elevating a structure on poles or piers minimizes disturbance 
of the natural terrain and existing vegetation. Setbacks provide 
access to daylight and fresh air, and may be required by code 
to meet height restrictions. (See Figure 1.17)

Typically, public utilities connect distribution systems at the 
building boundary. These include piping for water and gas, and 
electric service wiring. Buildings contribute to air pollution di-
rectly through fuel combustion, and indirectly through the elec-
tric power plants that supply energy and the incinerators and 
landfills that receive waste. The presence of people has a major 
environmental impact.

The interior of the building responds to these surrounding con-
ditions by opening up to or turning away from views, noises, smells, 
and other disturbances. Interior spaces connect to existing on‐site 

humidity. In warm climates, sunlit surfaces should be a light color, 
to reflect as much sun as possible.

hot, humId clImatE dESIgn
Hot, humid climates have very long summers with slight season-
al variations and relatively constant temperatures. The weather 
is consistently hot and humid, as in New Orleans.

Buildings designed for hot, humid climates take advantage 
of shading from the sun to reduce heat gain and cooling breezes 
with many large windows, overhangs, and shutters. They mini-
mize east and west exposures to reduce solar heat gain, al-
though some sun in winter may be desirable. High ceilings can 
accommodate large windows and to help stratify air, with cooler 
air at the level of occupants and warmer air exiting the space 
above. Floors may be raised above ground (See Figure 1.15) 
with crawl spaces for air circulation.

Additional climate design examples are found in Chapter 2, 
“Designing for the Environment,” and Chapter 12, “Principles of 
Thermal Comfort.”

Figure 1.14 Taos Pueblo, new Mexico, 1880

Figure  1.15 Treehouses in Buyay, Mount Clarence, new 
Guinea Figure 1.16 Building use layers

Sky layer

Near-surface layer

Surface layer

Subsurface layer
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walks, driveways, parking areas, and gardens. (See Figure 1.18) 
The presence of wells, septic systems, and underground utilities 
influence the design of residential bathrooms, kitchens, and laun-
dries as well as facilities in commercial buildings.

The hard surfaces and parallel walls in cities intensify noise. 
Mechanical systems of neighboring buildings may be very noisy, 
and are hard to mask without reducing air intake, although new-
er equipment is usually quieter. Plants only slightly reduce the 
sound level, but the visually softer appearance gives a percep-
tion of acoustic softness, and the sound of wind through the 
leaves may help to mask noise. Fountains also provide helpful 
masking sounds.

PrEvIouS uSES of SItES
Effective planning can create efficient, environmentally sustain-
able urban forms while minimizing urban sprawl. Siting buildings 
near mass transit avoids consumption of fossil fuels and pollu-
tion from automobiles.

Reusing land that has already been impacted by human 
activities rather than undeveloped properties supports land 
conservation by bringing land back to productive use. (See 
Table 1.2) Land reuse can also promote economic and social 
revitalization in distressed areas.

WInd and thE SItE
Winds are usually weakest in the early morning and strongest 
in the afternoon, and can change their effects and sometimes 
their directions with the seasons. Evergreen shrubs, trees, and 
fences slow and diffuse winds near low‐rise buildings.

The wind patterns around buildings are complex, and lo-
calized wind conditions between buildings often increase wind 
speed and turbulence just outside building entryways. The flow 
of wind typically returns to its original flow pattern after encoun-
tering an obstacle. (See Figure 1.19) Less‐dense windbreaks 
such as fences and plants tend to reduce the returning velocity 
more than thicker building materials.

Figure 1.17 Building setbacks 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 1.25

Setbacks

Figure 1.18 Connecting interior to outdoors 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 28
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TABlE 1.2 lAnd REUSE
Type description Comments

Greenfields Undeveloped natural properties that have 
experienced little or no impact from human 
activities. Can include agricultural land without 
activities other than farming.

Loss of prime farmland should be avoided. Support 
biodiversity by siting the building to avoid encroachment 
on animal habitats.

Brownfields Abandoned, idled, or underused industrial and 
commercial facilities for which expansion or 
redevelopment is complicated by real or perceived 
environmental contamination.

Hazardous substances, pollution, or contamination 
may complicate reuse. Brownfields near preexisting 
infrastructure and a potential workforce can be valuable.

Grayfields Blighted or obsolete building sites on land that is not 
necessarily contaminated.

May be valuable due to scarcity of available urban land, 
preexisting infrastructure, government incentives.

Blackfields Include properties such as abandoned coal strip 
mines and subsurface mines.

Surface water may have very low pH levels, may be 
contaminated with iron, aluminum, manganese, sulfates.
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the ground by rain; photosynthesis assimilates gases, fumes 
and other pollutants.

Plants increase our sense of enjoyment and enhance 
privacy. Plants frame or screen views, moderate noise, and vi-
sually connect the building to the site.

Deciduous plants grow and drop their leaves on a schedule 
that responds more to the cycles of outdoor temperature than 
to the position of the sun. In the Northern Hemisphere, where 
the sun reaches its maximum strength from March 21 through 
September 21, plants provide the most shade from June to Oc-
tober, when the days are warmest. (See Figures 1.20 and 1.21) 
Evergreens provide shade all year and help reduce snow glare 
in winter.

In the Northern Hemisphere, a deciduous vine on a trellis 
over a south‐facing window grows during the cooler spring, 
shades the interior during the hottest weather, and loses its 
leaves in time to welcome the winter sun. Vertical vine‐covered 
trellises work well on east and west facades, while horizontal 
ones work in any orientation. (See Figure 1.22) The vine also 
cools its immediate area by evaporation.

Bacteria, mold, and fungi break down dead animal and veg-
etable matter into soil nutrients. Bees, wasps, butterflies, and 
birds pollinate plants, but are kept out of the building. Termites 
may attack the building’s structure. Building occupants may 
welcome cats, dogs, and other pets into a building, but want 
to exclude nuisance animals such as mice, raccoons, squirrels, 
lizards, and stray dogs.

WatEr and thE SItE
Large bodies of water moderate air temperature both between 
day and night and throughout the year. The evaporation of 
smaller waterbodies helps cool summer air temperatures.

Water appears on the site due to precipitation of rainwater 
or snow, or as groundwater and soil moisture. Some sites offer 
potable (drinkable) water. Treatment or removal of wastewater 
occurs on some sites.

Fountains, waterfalls, and trees tend to raise the humidity 
of the site and lower the temperature. Large bodies of water, 
which are generally cooler than the land during the day and 
warmer at night, act as heat reservoirs that moderate variations 
in local temperatures and generate offshore breezes. They are 
usually warmer than the land in the winter and cooler in the 
summer.

Rainwater falling on steeply pitched roofs with overhangs 
is usually collected by gutters and downspouts to be carried 
away as surface runoff, or underground through a storm 
sewer. Drain leaders are pipes that run vertically within 
partitions to carry the water down through the structure to 
the storm drains. Even flat roofs have a slight pitch, with the 
water collecting into roof drains that pass through the interior 
of the building.

Sites and buildings should be designed for maximum on‐site 
rainfall retention. Roof ponds and cisterns hold water that falls 
on the roof, giving the ground below more time to absorb runoff.

See Chapter 9, “Water Supply Systems,” for more information on 
using rainwater.

Plant and anImal lIfE
Building sites provide environments for a variety of plant and 
animal life. Grasses, weeds, flowers, shrubs, and trees trap pre-
cipitation, prevent soil erosion, provide shade, and deflect wind. 
Grassy areas are cooler than paved areas, both day and night. 
Plants play a major role in food and water cycles, and their 
growth and change through the seasons help us mark time. 
They can help keep unwanted solar heat and light out of build-
ings during the warmest part of the year. Vegetation absorbs 
moisture during the day for release at night. Plants improve air 
quality by trapping particles on their leaves, to be washed to 

Figure 1.19 Wind barrier 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, p. 1.22

Windward Leeward

Figure 1.20 deciduous shade tree in summer

Figure 1.21 deciduous shade tree in winter
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BuIldIng SItIng and orIEntatIon
The site location, building orientation and geometry, and local cli-
mate conditions affect the design of the building and its systems. 
Site selection and building orientation benefit from the involve-
ment of architects and their consultants as early as possible. By 
close coordination of an interdisciplinary design team, the archi-
tect can optimize the use of the site and its integration with its 
local environment. Each member of the design team—including 
the interior designer—can determine how the site affects his/
her discipline and how to best further sustainable design goals.

The interaction of building orientation and interior layout 
has a long history. The Roman architect Vitruvius wrote about 
the design of public baths that “the warmest possible situation 
must be selected; that is, one which faces away from the north 
and northeast. The rooms for the hot and tepid baths should be 
lighted from the southwest, or, if the nature of the situation pre-
vents this, at all events from the south, because the set time for 
bathing is principally from midday to evening.” (The Ten Books 
on Architecture, Dover Publications, Inc., 1960, page 157)

Building orientation considerations include solar orienta-
tion, topography or adjacent structures, prevailing winds, avail-
able daylight and shading, views, and landscaping and irrigation 
needs. The building’s orientation, form, and compactness have 
significant impacts on heating, cooling, and lighting systems, 
and energy conservation. The orientation of the building and 
its width and height determine how the building will be shielded 
from excess heat or cold or open to ventilation or light. For ex-
ample, the desire to provide daylight and natural ventilation to 
each room limits the width of multi‐story hotels.

Buildings that minimize east and west exposures are gen-
erally more energy efficient, especially where extensive glaz-
ing absorbs heat during summer months. Orienting the main 
elevations with operable windows perpendicular to prevailing 
breezes aids natural ventilation. A rectilinear building with its 
length oriented in an east/west direction will present its longer 
south façade to the sun for maximum winter solar gain.

When designing a building to take advantage of solar heat-
ing, provisions must be made to prevent overheating in warm 
weather. Roofs provide a barrier to excess summer solar radia-
tion, especially in low latitudes where the sun is directly over-
head. The transmission of solar heat from the roof to the inte-
rior of the building can result in high ceiling temperatures. High 
ceiling temperatures can be reduced with thermally resistant 
materials, materials with high thermal capacity, or ventilated 
spaces in the roof structure.

Orienting building entrances away from or protected from 
prevailing cold winter winds, and buffering entries with airlocks, 
vestibules, or double entry doors dramatically reduces the 
amount of interior and exterior air change when people enter.

Locating an unheated garage, mudroom, or sunspace between 
the doors to a conditioned interior space is a very effective way 
to control air loss in a building.

Termite damage is a problem in warmer climates. It is advisable 
to recommend an inspection before beginning a remodeling 
project if there are termites in the area.

ShadE
The ability of trees to provide shade depends on their orienta-
tion to the sun, their proximity to the building or outdoor space, 
their shape, height and spread, and the density of their foliage 
and branch structure. In the Northern Hemisphere, the most ef-
fective shade is on the southeast in the morning and the south-
west during late afternoon, when the sun has a low angle and 
casts long shadows.

Air temperatures in the shade of a tree are about 5° to 11°F 
(3° to 6°C) cooler than in the sun. A wall shaded by a large tree 
in direct sun may be 20° to 25°F (11° to 14°C) cooler. This tem-
perature drop is due to the shade plus cooling evaporation from 
the surface area of the leaves. Shrubs right next to a wall pro-
duce similar results, trapping cooled air and preventing drafts 
from infiltrating the building. Neighborhoods with large trees 
have maximum air temperatures up to 10°F (6° C) lower than 
those without.

Figure 1.22 Trellis with vine
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Planning the layout of interior spaces to maximize the use of 
standard sizes of materials and products minimizes construc-
tion waste.

Existing Buildings
Existing buildings are often demolished and replaced with new 
products in new buildings. Building reuse is a more sustainable 
practice. demolition by hand salvage, in which the building 
is taken apart and its constituent pieces are reused, is an al-
ternative that is labor‐intensive (which may provide job training 
experience) but energy‐wise.

Historic preservation and adaptive reuse represent the high-
est form of recycling. Building reuse reduces the demand for 
new land, recycles existing buildings, uses fewer materials, and 
reduces the amount of construction demolition and waste going 
to landfills. By keeping older buildings in usable condition and 
protecting their original use or finding a new one, communities 
create a sense of continuity and cultural richness.

Construction work in occupied existing buildings requires 
separation and protection of occupied areas from construc-
tion areas. Noise control measures must be taken. Ducts and 
airways must be protected from dust, moisture, particulates, 
chemical pollutants, and microbes during demolition and con-
struction. There should be increased ventilation and exhaust air 
at the construction site.

This first chapter has introduced climate change, energy 
sources, and site conditions. In Chapter 2, we explore how the 
building envelope—the interface between the outside and the 
inside—controls building heat flow. The basics of the building 
design process and how sustainable design promotes energy 
efficiency are also introduced.

Interior layout
To ensure overall compatibility, the layout of a building’s interior 
should be considered while the building is being located on its 
site, and while its rough shape, shading, and orientation are 
being established.

In the Northern Hemisphere, spaces with maximum heating 
and lighting needs should be located on the building’s south 
face. Buffer areas, such as toilet rooms, kitchens, corridors, 
stairwells, storage, garage, and mechanical and utility spaces 
need less light and air conditioning, and can be located on a 
north or west wall. The areas with the greatest illumination 
level needs should have access to natural lighting. Conference 
rooms, which need few or no windows for light and views, can 
be located farther away from windows. Spaces that need a 
lot of cooling due to high internal heat gains from activities or 
equipment should be located on the north or east sides of the 
building.

Energy for mechanical heating and cooling can be con-
served by locating spaces that accommodate cooler tempera-
tures on the north side of the building. Buffer spaces such as 
garages on the north or west protect the building interior from 
winter cold or, for the western exposure, summer sun.

For more information on daylighting and layout, see Chapter 17, 
“Lighting Systems.”

Openings in the building are the source of light, sun, and 
fresh air. Building openings provide opportunities for wider per-
sonal choices of temperature and access to outdoor air. On the 
other hand, they limit control of humidity, and permit the entry 
of dust and pollen.
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are both aesthetically pleasing and socially meaningful. This re-
quires both sensitivity to composition and form, plus an under-
standing of science and technology.

Architects seek to interpret ideas through physical form 
for human habitation. They aim to design an environment that 
nurtures human endeavor without imposing excessive external 
stress.

As part of the design team, interior designers are involved in 
supporting, rather than obstructing, the flow of energy through 
the building envelope. They have a role in the design of passive 
systems and should care about energy use. Sustainable design 
and the use of environmentally responsible materials benefit 
from the skills of interior designers, and they play an important 
role in the LEED building certification process for both residen-
tial and commercial spaces.

Leadership in Energy & Environmental Design (LEED) is a green 
building certification program that certifies building projects 
that satisfy prerequisites and earn points. It was developed by 
the US Green Building Council (USGBC).

Building EnvElopE
Like our skins, a building is the interface between our bodies 
and our environment. The building envelope is the point at 
which the inside comes into contact with the outside, the place 
where energy, materials, and living things pass in and out. 
The building’s interwoven structural, mechanical, electrical, 

Both the architecture of the building and its environmental con-
trol systems are used to control the interior thermal environ-
ment. The building itself and its environmental systems should 
work together to promote the thermal comfort of its occupants 
in an energy‐efficient manner. Architects and their consultants 
seek to find the balance between the passive environmental 
controls of the building’s enclosure and the active mechanical 
equipment.

It is best to restrict the role of active devices insofar as 
possible to that of fine tuning the internal environment to 
optimum conditions, once the heavy work of environmental 
modification has been performed by the passive devices 
of the site and the building enclosure. . . . Machines, no 
matter how powerful, can never substitute fully for the 
good design judgment of the architect who sites and 
configures the building, for it is the enclosure of the 
building, not the mechanical equipment, that must create 
the basic conditions for human satisfaction, both spiritual 
and physical. (Edward Allen, How Buildings Work (3rd ed.), 
Oxford University Press 2005, page 253)

introduction
In Chapter 2, we investigate the building envelope and the role 
of insulation in heat flow. Energy efficient design, the building 
design process, and sustainable design also are introduced.

The experience of the people who inhabit and use the build-
ings designed by architects, landscape architects, engineers, 
and interior designers can be best enhanced by designs that 

2
designing for the Environment
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Careful design of roofs, walls, and windows, along with interior 
surfaces, can maintain comfortable interior temperatures for 
most of the year in most North American climates. Scheduling 
can allow us to avoid the most uncomfortable hours, as the tradi-
tion of a midday siesta demonstrates.

With the advent of mechanical building systems, the build-
ing envelope came to be regarded as a barrier separating the 
interior from the outdoor environment. Architects created an 
isolated environment, and engineers equipped it with energy‐
using devices to control conditions. The desire to control air 
moisture, motion, and pollution content resulted in a tendency 
to seal the building to exclude outdoor air except through con-
trolled mechanical equipment intakes. This led to exclusion of 
daylight, view, and useful solar heat.

dynamic Building Envelope
A building envelope does not have to be a barrier, but can dy-
namically enclose the interior space. A traditional Native Ameri-
can tipi exemplifies a traditional dynamic building envelope. 
(See Figure 2.3)

Today, the need to conserve energy encourages us to see 
the building envelope as a dynamic boundary interacting with the 

plumbing, and other systems create an interior environment 
that supports our needs and activities, and responds to exte-
rior weather and site conditions. In turn, the building itself and 
its site affect and are affected by the earth’s larger natural 
patterns.

The building envelope encloses and shelters space. It fur-
nishes a barrier to rain and protects from sun, wind, and harsh 
temperatures. Entries are the transition zone between the build-
ing’s interior and the outside world.

The building envelope admits or excludes heat gain, con-
tains internal heat, and dissipates excess internal heat. The 
building’s surface affects the comfort of the occupant primar-
ily through surface temperatures. This in turn can modify air 
temperature as air moves across warm surfaces. Air motion 
and relative humidity are important to cooling. In addition, air 
quality is important for both heating and cooling for most build-
ing occupancies.

History
The design of buildings throughout history has shown many 
ways to design shelters that respond to local environments 
without the use of mechanical equipment.

Sod houses were built primarily by German and Scandi-
navian immigrants during the settlement of the US and Cana-
dian prairies, which have cold winters and hot summers. (See 
Figure 2.1) The thick, tough roots of prairie grass allowed it to 
be cut into rectangles that were then laid crosswise into walls 
two feet (0.6 meter) thick. The south side had a door and two 
or more windows, often with a window at each end. A variety 
of roofing materials were used. Sod houses were well insulated 
but damp and vulnerable to rain damage, and required frequent 
maintenance. Canvas or plaster lined interior walls. Sod houses 
were warm in winter and very cool in summer, and were not li-
able to be burned by fire.

In the hot arid climates of Middle Eastern deserts, the Arab 
tent historically served as a nomadic house. (See Figure 2.2) 
The tent was made of a light wood pole frame with a handmade 
textile covering. It was a lightweight, modular, and mobile shel-
ter that provided shade and encouraged air movement.

In traditional buildings, shelter from the weather was provid-
ed through passive systems for heating, cooling, and daylighting. 

Figure 2.1 Sod house, Anselmo, Nebraska 
Source: Wikimedia Commons, Anselmo, Nebraska sod house.JPG by 
Ammodramas, released to public domain

Figure 2.2 Traditional Arab tent

Figure 2.3 Sioux tipi
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A dynamic envelope demands that the user understand how, 
why, and when to make adjustments. This requires communica-
tion from the designer to the appropriate building personnel, or 
automated controls.

Opaque components of the building envelope, such as solid 
walls, floors, and roofs, are typically intended as fixed barriers 
to heat, light, air, and noise. Their ability to block heat transmis-
sion varies, depending on their construction, orientation, and 
material selection.

Building Envelope and codes
Today, building designs are expected to conform to energy 
codes and standards of client‐established energy criteria. As 
a result, building designers must be able to evaluate the per-
formance of the building envelope. As new concepts and new 
energy‐saving products are introduced to the market, the de-
signer needs to analyze their claims.

Building code requirements for thermal envelope perfor-
mance of non‐residential buildings in North America are usually 
those set forth in ANSI/ASHRAE/IES Standard 90.1‐2013—Energy 
Standard for Buildings Except Low‐Rise Residential Buildings. 
Residential buildings are usually subject to the requirements of 
the International Energy Conservation Code or ASHRAE Residen-
tial Energy Standard 90.2.

ASHRAE® is a global society advancing human well-being through 
sustainable technology for the built environment. It focuses on 
building systems, energy efficiency, indoor air quality, refrig-
eration, and sustainability through research, standards writing, 
publishing, and continuing education.

The standards in these codes are intended as minimum 
requirements for building envelopes. The US Green Building 
Council’s (USGBC) Leadership in Energy & Environmen-
tal Design (LEED) rating system requires that envelopes be 
designed to exceed these requirements by between 15 and 60 
percent. Buildings that meet LEED standards usually employ el-
ements that control daylighting and solar heat.

Exterior Walls
Exterior walls are part of the building envelope. They support 
vertical loads as well as horizontal wind loads. Exterior walls 
control the passage of heat, air, sound, moisture, and water 
vapor in and out of the building. They are constructed for du-
rability to the weathering of sun, wind, and rain, and for fire 
resistance. Rigid exterior walls serve as shear walls to transfer 
lateral wind and earthquake loads to the building’s foundation. A 
great variety of construction details are used for exterior walls. 
(See Figure 2.5)

Vertical structural support for a building is usually provided 
either by load‐bearing walls or by a framework of columns and 

external natural energy forces and the internal building environ-
ment. (See Figure 2.4) The envelope is sensitively attuned to the 
resources of the site: sun, wind, and water. The boundary is ma-
nipulated to balance the energy flows between inside and outside.

Dynamic elements of the building envelope include operable 
windows, window shading devices, and insulating shutters. A 
dynamic building envelope can be sensitive to changing conditions 
and needs, letting in or closing out the sun’s warmth and light, 
breezes, and sounds. Openings and barriers may be static, like a 
wall; allow on/off operation, like a door; or offer adjustable control, 
like venetian blinds. The appropriate architectural solution depends 
on the range of options desired, the local materials available, and 
local style preferences.

For more on how the building affects thermal comfort, see Chap-
ter 12, “Principles of Thermal Comfort.”

The more flexibility is built into the building envelope, the 
more important it is to provide adequate controls. Modifications 
are often made for aesthetic as well as practical reasons. Oc-
cupants of residential buildings routinely modify the building 
envelope to accommodate changes in sun angle and outside 
temperature as well as to invite in breezes while excluding in-
sects. Thermal shades and other window treatments can block 
the passive solar collection of warming infrared (IR) radiation 
on a cold, sunny day. Other user controls for daylighting and 
solar control devices include awnings, opaque draperies, and 
translucent curtains.

For more information on window treatments, see Chapter 6, 
“Windows and Doors.”

Figure 2.4 Building envelope 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 9
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A smart façade usually comprises a double‐glazed unit ad-
jacent to a 6" to 30" (152 to 762 mm) deep air space, with a 
layer of safety glazing (glazing that meets Consumer Product 
Safety Commission test requirements) on the outside. Venetian 
blinds and operable windows make the façade dynamic. The 
design of a smart façade supports comfortable ventilation and 
night‐flush cooling while preventing the entry of rain, noise, and 
excessively high air speeds.

roofs
Roofs control thermal radiation, temperature, humidity, and 
airflow. They can provide access to views and create visual pri-
vacy. Roofs are part of the building’s structural support, block 
the entry of living creatures, and serve to keep out water and 
control fire. They can also be a source of clean water and aid 
acoustic privacy.

Roofs are exposed to extreme weather conditions. Hot 
roofs are a summer heating problem. Radiant losses on a clear 
night can lower the roof temperature below that of the outdoor 
air, which may be good in summer, but is bad in winter.

Architects may view roofs as a primary sheltering element 
for the interior spaces of a building. The roof’s form and slope 
must be compatible with the type of roofing. Roof construction 
also controls the passage of moisture vapor, infiltration (leak-
ing) of air, and the flow of heat and solar radiation. The roof may 
be required to be fire-resistant.

The roof system of a building shelters the interior space. 
(See Figure 2.8) The roof structure must be strong enough to 

beams. Load‐bearing walls are commonly built parallel to each 
other. (See Figure 2.6)

For more information on loadbearing walls, see Chapter 5, 
“Floor/Ceiling Assemblies, Walls, and Stairs.”

Curtain walls are nonload-bearing exterior surface treat-
ments. (See Figure 2.7) The framing or panels of the curtain 
wall is supported by either the columns alone or by columns 
and spandrel beams or by the edges of floor slab. The structural 
support for a curtain wall may be located in front of, within, or 
behind its surface plane.

Smart FaÇadES
Smart façades are also known as double‐skin façades or cli-
mate walls. They have an additional glass skin that allows solar 
control and natural ventilation. A smart façade can integrate 
passive solar collection, shading, daylighting, increased ther-
mal resistance, and mechanical systems.

Figure 2.5 Sample exterior wall section
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Figure 2.6 Load‐bearing wall 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 153

Figure 2.7 Curtain wall 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 7.24
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rooF inSulation and atticS
Buildings can gain a great deal of heat through the roof. This 
gain can be reduced by using additional insulation and by re-
flecting the sun’s radiation. A white roof can reflect half of the 
heat that would have been absorbed by a black roof.

The insulation for a flat roof is placed on top of the roof deck 
to avoid the penetration of the thermal envelope by structural 
members, lighting fixtures, or air ducts. The insulation should 
follow the rafters or top cord of trusses on sloped roofs. It is 
important for the ductwork to be on the indoor side of the ther-
mal envelope.

In cold climates, an uninsulated attic beneath a roof is some-
times separated from the living space of a house by an insulated 
ceiling. Although the attic is not insulated, it may still be warmer 
than the outdoor temperature. Venting the attic to the outdoors 
will allow it to disperse moisture that manages to migrate through 
the insulated ceiling.

grEEn rooFS and rooF gardEnS
A green roof, also called vegetated roofing, is a natural roof 
covering typically consisting of vegetation planted in lightweight 
soil or growing medium over a waterproof membrane. (See 
Figure 2.9) The natural covering protects the roof membrane 
from daily temperature fluctuations and ultraviolet (UV) radia-
tion. Green roofs control the volume of stormwater runoff and 
improve air and water quality. They help reduce the heat island 
effect in urban areas. A green roof can help stabilize indoor 
air temperatures and humidity, and reduce heating and cooling 
costs. (See Table 2.2)

Green roofs are valued for creating wildlife habitats, and 
making buildings and cities more humane. A small green roof 
can be designed as a roof garden available for use by building 
occupants.

A green roof must be built on a frame strong enough to sup-
port it, with carefully applied waterproofing, as it is difficult to 
locate leaks once the growing medium is in place. The plantings 
require ongoing care.

span the space, carry its own weight, plus any attached equip-
ment and the weight of snow or rain. In addition, the roof must 
resist lateral and seismic (earthquake) forces and the uplifting 
of wind forces. The roof’s structural system must correspond 
to that of the column and bearing wall systems. This influences 
the layout of interior spaces and the type of ceiling that the roof 
structure may support. Long roof spans open up a more flexible 
interior space while shorter roof spans lend themselves to more 
finely defined spaces.

rooF FormS
The form of a roof structure has major impact on a building’s 
appearance. (See Table 2.1) They are either flat or made up of 
one or more slopes. Sloping roofs shed water to eave gutters. 
The interior space under a sloping roof may be usable.

Valley

Hip

Ridge
Dormer
Gable

Eave
Shed

Figure 2.8 Roof terminology 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 6.16

TABLE 2.1 RooF FoRmS
Form Description

Flat roof Slope usually ¼" per foot (1:50 mm), 
often leading to interior drains

Pitched roof One or more slopes

Shed roof A single pitched slope

Gable roof Slopes down in two directions from a 
central ridge, forming a triangular gable 
at each end

Gambrel roof A pitched roof with a shallower upper 
slope and steeper lower slope on each 
side

Hip or hipped roof Sloping sides like a gable roof, but ends 
also slope in to meet central ridge

Mansard roof Resembles a shallow hipped roof set on 
top of a steeper lower part

TABLE 2.2 GREEN RooF TypES
Type Description

Intensive Require minimum 12" (305 mm) soil depth for 
roof garden with larger trees, shrubs, grasses, 
plus irrigation and drainage systems. Roof deck 
usually concrete.

Extensive Low maintenance. Typically use 4" to 6" (102 
to 152 mm) deep lightweight growing medium 
to grow small, hardy plants and thick grasses. 
Concrete, steel, or wood roof deck.

Modular 
block

Anodized aluminum containers or recycled 
polystyrene trays with 3" to 4" (76 to 1–2 mm) 
of engineered soil supporting low‐growing 
plants. Pad fastened to bottom of each block 
protects roof surface and controls drainage.
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 ● Sensible heat is the form of heat energy that flows whenever 
there is a temperature difference. It is apparent as the 
internal energy of atomic vibration within all materials. The 
temperature of a material is an indication of the extent of this 
vibration, the density of the heat within the material. Sensible 
heat results in a change of temperature.

 ● Latent heat is the term for sensible heat that is used to 
change the state of a material, for example, to evaporate 
water. Latent heat results in a change in moisture content, 
often in the humidity of air. The total heat flow is equal to the 
sensible and latent heat flows.

 ● Thermal resistance is the rate at which a building gains or 
loses heat through any portion of its enclosure under stable 
indoor and outdoor temperatures. Roughly, the thermal 
resistance of a material is inversely proportional to its density.

thermodynamics
Thermodynamics is the branch of science that deals with the 
relationship between heat and other forms of energy. A basic 
grasp of thermodynamic principles is important in understand-
ing the energy efficiency of building envelope. We will keep this 
simple.

laWS oF tHErmodynamicS
The laws of thermodynamics are fundamental laws of physics. 
They define the physical qualities of temperature, energy, and 
entropy (the tendency toward running down or disorder). The 
first and second laws of thermodynamics are important to un-
derstanding how thermal energy (heat) flows from one object 
to another.

The first law of thermodynamics states that energy can 
be neither created nor destroyed. The total amount of energy 
in an environment remains constant, and can be accounted for 
as it transfers from one place to another and from one form to 
another. It is possible to use the same energy over and over 
again for different purposes in buildings; this leads to energy 
efficiency.

The second law of thermodynamics expresses the ten-
dency toward disorder as part of the normal nature of things. It 
states that, as time goes by, energy will tend toward lower and 
lower quality. Energy is lost every time it is converted from one 
form to another. Ideally, high-quality energy would be reserved 
for high‐quality uses, such as lighting and running motors. Once 
degraded to lower quality ones, it could be used for space heat-
ing or water heating.

These physical laws relate to the maintenance of building 
materials and systems, which requires the regular addition of 
energy and materials in order to resist the forces of nature. The 
laws of thermodynamics have specific applications to the de-
sign of heating, ventilating, and air conditioning (HVAC) systems.

Another law also applies; the Zeroth law of thermody-
namics helps define the concept of temperature. It states that 
if two systems are in thermal equilibrium with a third system, 
they must be in thermal equilibrium with each other. Heat will 

See Chapter 4, “Building Forms, Structures, and Elements,” for 
information on building foundations.

HEat FloW and tHE Building 
EnvElopE
Now that we have looked at the physical parts of the building 
envelope, it is time to investigate how heat flows through the 
envelope. This involves taking a look at some terminology and 
the basics of thermodynamics.

terminology
There are several terms that are useful when discussing energy flow. 
These will be revisited when we consider the basics of electrical 
and thermal design, but an introduction now will help us understand 
the building envelope and its relationship to sustainable design.

 ● power is the instantaneous flow of energy at a given time.
 ● Energy, in the context of buildings, is power usage over time.

Figure 2.9 Green roof 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 7.09
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of air spaces makes a difference. Highly efficient insulation 
materials like fiberglass batt insulation, which hold multiple air 
spaces within their structure, are better than empty air spaces 
alone. High levels of insulation maintain comfortable interior 
temperatures, control condensation and moisture problems, 
and reduce heat transmission through the envelope.

The use of tighter construction and house wraps have re-
duced infiltration significantly. Insulating sheathing that creates 
a continuous unbroken thermal envelope over the entire building 
greatly improves performance.

tHErmal capacity
The ability of a material to store heat is called its thermal ca-
pacity. A building envelope constructed with materials with 
high thermal capacity may be able to reduce the heat flow by 
storing heat during the daytime, and emitting it later at night. 
This slows down and may diminish excess heat that makes it 
into the interior of a building. Thermal capacity is roughly pro-
portional to mass.

intErnal and Skin load dominatEd 
BuildingS
Building form also affects how heat moves into and out of a 
building. Tall thick buildings shelter larger amounts of floor 
space from outside climate. The heat generated by their electri-
cal lighting can be more than enough to keep the building warm 
in winter. These buildings are called internal load dominated, 
and require air conditioning throughout the year.

The interior spaces in thinner buildings almost all have an 
exterior wall that needs to be heated in cold weather and cooled 
in hot weather. Electric lighting does not provide as much heat, 
as daylight suffices for most daytime needs. These buildings 
are called skin load dominated.

only flow from a higher to a lower temperature, so heat flow 
requires a difference in temperature.

Heat Flow and Building Envelope
The flow of heat through a building depends on the season (to 
the outside in the winter, and to the inside in the summer), and 
its path either through building envelope materials or via air ex-
change with the outdoors. The amount of heat that flows either 
into a building from outside, or out of a building from inside, 
depends on the difference in temperature between the inside 
and outside, the thermal resistance of the building envelope 
materials, and the ability of the building envelope to store heat.

How much heat the building envelope gains or loses is in-
fluenced by the construction of the outside of the building en-
velope, along with the wind velocity outside the building. Each 
layer of material making up the building’s exterior shell helps 
resist the flow of heat into or out of the building. The amount 
of resistance depends on the properties and thickness of the 
materials making up the envelope. Heavy, compact materials 
usually have less resistance to heat flow than light ones.

Some parts of walls and roofs—such as metal framing 
studs—transmit heat more rapidly than others. (See Figure 2.10) 
These pieces of the construction are called thermal bridges, 
and they can increase heat loss significantly in an otherwise 
well‐insulated assembly. When a thermal bridge exists in a ceil-
ing or wall, the cooler area can attract condensation, and the 
water can stain the interior finish. Wood studs conduct less heat 
through the wall than metal studs. (See Figure 2.11)

Architects increase thermal resistance by adding insulation 
or reflective sheets, or by creating more air spaces. Air en-
closed between two surfaces in the building envelope will only 
effectively resist airflow if it lacks substantial air circulation. The 
thickness of the air space is not usually critical, but the number 

Figure 2.10 Thermal bridge through wood stud wall

Heat

Figure 2.11 Thermal bridge through metal stud wall

Heat
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Southwest are a good example. (See Figure 2.12) Massive con-
struction on a building’s west and east sides and on its roof 
minimizes solar heat gain in summer.

Thermal lag time is useful when the time of maximum 
solar heat differs from the time of maximum internal heat 
need. As the temperature swing for passive solar heating is 
controlled by the sun and building occupants rather than by 
a thermostat, there are typically daily variations in indoor 
temperatures.

Thermal mass also passively keeps room temperatures 
from rising too high during hot summers. In the winter, 
sun‐warmed surfaces can help create a space that is com-
fortable at 5° to 10°F (3° to 6°C) lower than normal room 
temperatures.

See Chapter 12, “Principles of Thermal Comfort,” for more infor-
mation on thermal mass.

HEat loSS
Buildings lose heat through the building envelope by transmis-
sion, infiltration, and ventilation. The amount of loss depends on 
the exposed area, the temperature difference between indoors 
and outdoors, and the thermal resistance of the building skin. 
Building heat loss can be minimized by compact design, the 
use of common walls between buildings, and the application of 
insulation.

Heat loss through infiltration depends on how much cold 
outside air is able to enter the building, and the temperature 
difference between the indoor and outdoor air. It is calculated 
by either the air change method or crack method, neither of 
which are very precise, or more accurately by a blower‐door 
test. (See Figure 2.13) Blower‐door tests are frequently used 
to assess the need for insulating existing residential buildings. 
They are relatively simple to perform, and useful when consider-
ing renovation work.

HEat and moiSturE FloW procESSES
When an object is at a temperature different from its surround-
ings, heat flows from hotter to cooler. Moisture flows from ar-
eas of greater concentration to those of lesser concentration. 
Both of these occur within a building envelope.

Sensible heat, which results in a change of temperature, is 
gained or lost in three ways:

 ● Convection is the exchange of heat between a fluid (typically 
air) and a solid. The motion of the fluid, which is due to heating 
or cooling, plays a critical role in the extent of the heat transfer.

 ● Conduction involves the transfer of heat directly from 
molecule to molecule. It can occur within or between 
materials, with the proximity of the molecules (the material 
density) playing a critical role in the extent of the heat transfer.

 ● Radiation is the process by which heat flows via 
electromagnetic waves from hotter surfaces to detached, 
colder ones. Radiation can occur across empty space and 
great distances, such as between the sun and the earth.

Another process that can take place in the building envelope 
is evaporation, which carries heat away from wet surfaces. 
When water evaporates, it changes from a liquid state to a 
vapor, and loses latent heat. Evaporation is much less important 
for buildings than for the human body; moisture flow through 
envelope assemblies and by way of air leakage are the principal 
means of latent heat gain and loss in a building.

Heat transmission through the building envelope is affected 
by its surface area, construction materials, thickness, orienta-
tion to the sun, shading, exterior color, temperature of its sur-
roundings, and temperature of the interior space.

Heat is conducted through solid envelope layers, and is 
transmitted by radiation and convection through the envelope’s 
air pockets. Interior air currents bring air molecules into contact 
with room surfaces, thus transferring heat between the air and 
room surfaces.

Once it moves inside the solid material of a wall, heat moves 
by conduction. In the open spaces between studs framing a 
wall, heat flows by convection or by radiation.

As heat is transferred to the air, a film of air next to the wall 
rises in temperature; it then continues to rise due to the buoy-
ancy of warm air. Heat transferred from the air to an interior 
surface cools, becomes heavier and denser, and falls, revers-
ing the circulation pattern. Heat radiates between the inside 
surfaces and room contents, and between outside surfaces and 
building surroundings.

Heat transfer through the building envelope results in sen-
sible heat losses and heat gains within the building. Latent heat 
gains result from the presence of people, which add humidity to 
the air, and ventilation control equipment, which can add to the 
latent cooling load if it is humid outdoors.

tHErmal maSS
Massive construction results in thermal lag, which tends to 
produce more stable conditions. Adobe structures in the US 

Figure 2.12 Interior of adobe house, pie Town, New mexico, 
1940 
Source: Library of Congress Prints and Photographs Online Catalog
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R‐values measure the thermal resistance of a given mate-
rial. The R‐value is the reciprocal of the U‐factor. It represents 
the degree of resistance to heat flow, and thereby, the insulating 
ability of a building envelope element. The lower the U‐value, 
the higher the R‐value and the insulating value, so the higher the 
R‐value, the more time is required for heat transfer through the 
material. It is determined experimentally.

The materials and construction assemblies used in a 
building’s envelope affect its R‐value. (See Table 2.3) The 
structure’s orientation to the sun and exposure to strong 
winds also influence the amount of heat that will pass through 
the barrier. By knowing the R‐value along with the desired 
indoor temperature and outdoor climate conditions, an en-
gineer can estimate the building envelope’s ability to resist 
thermal transfer and to regulate indoor conditions for thermal 
comfort.

See Chapter 6, “Windows and Doors,” for U‐factors and R‐values 
for doors and windows.

moisture Flow through Building Envelope
Water moves through building envelope assemblies in both liq-
uid and vapor states. Air contains water vapor, and water vapor 
will move from an area of greater concentration to one of lower 
concentration. In the summer, moisture will typically flow into 
an air‐conditioned building, increasing humidity. This usually 
requires dehumidification, often through removal of the latent 
heat of condensation of the added moisture. In the winter, it 
may be necessary to add water vapor to the air to achieve the 
desired relative humidity. This is often achieved by evaporating 
water by adding the latent heat of vaporization.

HEat gain
Buildings gain heat by transmission, infiltration, ventilation, and 
the effect of the sun on thermal mass. They also gain heat from 
internal heat sources, including people, lighting, and mechani-
cal equipment.

By specifying light-colored finishes, an interior designer can re-
duce heat gain generated by solar radiation passing through 
glazing and heating opaque surfaces.

See Chapter 13, “Indoor Air Quality, Ventilation, and Moisture 
Control,” for more information on infiltration and ventilation.

u‐FactorS and r‐valuES
U‐factors (sometimes called U‐values) are expressions of the 
steady‐state rate at which heat flows through architectural enve-
lope assemblies. They are used in codes and standards, and by 
engineers to specify envelope thermal design criteria.

The U‐factor includes all elements in a building envelope 
assembly and all sensible modes of heat transfer (convection, 
conduction, and radiation). This includes heat flow through win-
dows and skylights, where the situation becomes more com-
plicated due to differences in heat flow rates between various 
parts of the window or skylight unit. The National Fenestration 
Rating Council (NFRC) U‐factor combines these variations into a 
single value for an entire unit. The lower the U‐factor (it is usu-
ally less than 1), the lower the heat flow for a given temperature 
difference.

Fenestration is defined as the arrangement of windows and 
doors on the elevations of a building.

Figure 2.13 Blower-door test
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TABLE 2.3 R‐VALUES FoR INTERIoR mATERIALS
Category material R‐Value

Interior Finishes Drywall 1/2" 0.45

Drywall 5/8" 0.56

Paneling 3/8" 0.47

Flooring Plywood 3/4" 0.93

Particle board underlayment 
5/8"

0.82

Hardwood flooring 3/4" 0.68

Tile, linoleum 0.05

Carpet, fibrous pad 2.08

Carpet, rubber pad 1.23

Air films Interior ceiling 0.61

Interior wall 0.68

Air spaces 1/2"–4" approximate 1.00
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inSulation matErialS
Insulation reduces heat gain and loss and reduces drafts. In-
door comfort is dramatically increased when insulation is added 
to exterior walls, ceilings, and especially windows. Insulation 
also helps control interior mean radiant temperature.

mean radiant temperature (mRT) is used by engineers 
to give a value to the way an interior space and its furnishings 
radiate and emit heat to a human body in a given location. MRT 
measures the temperature of each surface in a space and de-
fines the specific spot in the space where the MRT is to be 
measured. It takes into account how much heat each surface 
emits, and how the surface’s location relates to the point where 
the MRT is being measured. The MRT is derived by a detailed 
analysis and complex calculations. An MRT is quite abstract and 
cannot be directly measured.

Insulation reduces energy consumption otherwise used to 
heat interior spaces by increasing the MRT. Insulation is the 
primary defense against heat loss transfer through the building 
envelope. It is important to insulate a building from top to bot-
tom. In a cold climate, a house should be insulated wherever 
a heated area comes in contact with an unheated area. (See 
Figure 2.14)

You can check whether an existing building’s walls are insu-
lated by removing an electrical outlet cover and looking inside, 
or by drilling two 1/4" (6mm) holes above one another about 4" 
(102 mm) apart in a closet or cabinet along an exterior wall, and 
shining a flashlight in one while looking in the other. An insula-
tion contractor can blow cellulose or fiberglass insulation into 
an existing wall.

To add insulation to an unheated attic without flooring, add 
a layer of unfaced batts about 12" (305 mm) deep across the 
joists. To insulate a space with a finished cathedral ceiling, 

vapor prESSurE
Vapor pressure is the pressure of a vapor in contact with its 
liquid or solid form. Differences in vapor pressure drive the 
flow of moisture through the components of a building enve-
lope assembly. Where there are gaps in the assembly, water 
vapor is carried by airflow. Water vapor condensing within the 
building envelope construction can make insulating materials 
ineffective, damage wood structural elements, and harbor 
mold and mildew. Water will readily permeate many building 
materials, including gypsum board, concrete, brick, wood, 
and some types of insulation, along with most interior finish 
materials.

vapor rEtardErS
Vapor retarders are materials that resist the flow of water 
vapor through the envelope assembly. They are very thin mem-
branes that take up virtually no space inside the building en-
velope. Vapor retarders are sometimes referred to as vapor 
barriers, but this is a less accurate term.

The placement of vapor retarders within a wall, roof, or floor 
is critical, and varies with the type of construction and the local 
climate. The vapor retarder should stop the flow of water vapor 
before the vapor can come in contact with its dew point (the 
temperature below which droplets begin to condense and dew 
can form) within the envelope assembly.

The vapor retarder should be installed below the finish mate-
rial on the warm side, but the warm side can change. The warm 
side in a cold climate is inside. In an air‐conditioned building in 
a hot climate, the warm side is outside. In climates where never 
very hot or very cold, vapor retarders not needed. When adding 
insulation to an existing building, designers should consider the 
effect on any vapor retarder type and location.

Plastic films in the proper location within the envelope as-
sembly provide better protection from migrating water vapor 
than vinyl wallpaper or vapor retarder paints on interior sur-
faces. They also help to block airflow through the envelope. 
In existing older buildings with vapor problems, it is often 
not feasible to install a proper vapor retarder. An alternative 
may be to plug air leaks in walls and apply good coat of 
paint to warm‐side surface; special vapor–retarding paints 
are available.

Envelope thermal performance
Twentieth‐century architecture often ignored the energy effi-
ciency of the building envelope and relied on mechanical equip-
ment fueled by cheap oil to create the desired interior environ-
ment. The 1973 oil crisis changed that, and energy efficient 
design became a priority.

There have been major increases in envelope component 
energy efficiency since the 1970s. (See Table 2.4) Thicker 
and better wall and roof insulation have improved R‐values 
and U‐factors. Better window materials and construction have 
improved performance.

TABLE 2.4 ENVELopE ENERGy EFFICIENCy 
ImpRoVEmENTS

product Description

Structural insulated 
panels (SIPs)

Rigid foam sandwiched between 
oriented strand board (OSB). Used for 
walls and as structural roof sections. 
Better air tightness and insulation than 
site‐assembled framing systems, using 
insulated cores and thermal storage 
surfaces with less wall thickness.

Aerogel Light, transparent, and porous silica 
aerogel can be foamed into cavities 
without using chlorofluorocarbons 
(CFCs). Adding carbon absorbs IR 
radiation and increases its R‐value.

Gas‐filled panels Sealed plastic bags for insulation, 
enclosing honeycomb baffles of thin 
polymer films and low‐conducting 
argon, krypton, or xenon gas.
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either the interior drywall is removed to install insulation, or a 
new insulated exterior roof is built over the existing roof.

Uninsulated foundation walls can be responsible for as much 
as 20 percent of a building’s heat loss. A concrete or masonry 
basement wall can best be insulated with panels of closed‐cell 
polystyrene foam on the exterior wall. (See Figure 2.15) To insu-
late the inside of the basement, the walls must first be kept dry 
from the outside. Polystyrene foam insulating panels can then 
be directly adhered to the inside wall surfaces, with wood strips 
laid on them to create a ventilated airspace. The finish is nailed 
or screwed to wood strips with ventilation gaps at the floor and 
ceiling. It is important to correct any drainage problems before 
insulating the basement.

The surfaces of most insulating materials should not be ex-
posed either indoors or outdoors.

air Films and air Spaces
An air film is a thin layer of stagnant air attached on the exposed 
surface of a construction assembly. Air films on interior or exte-
rior surfaces contribute substantially to the insulating capability 
of some construction assemblies. The rougher the surface, the 

Figure 2.14 Where to insulate a house 
Source: Redrawn from “Where to Insulate in a Home”, Energy.gov
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with metallic or metalized reflective foil membranes and acts 
primarily as a radiation barrier. A VIP is an almost gas‐tight 
enclosure surrounding a rigid core from which the air has been 
evacuated.

inSulation FormS
Insulation comes in many forms. (See Table 2.5 and Figures 
2.17, 2.18, and 2.19) Loose‐fill insulation is usually used for unin-
sulated existing walls. It is also poured by hand or blown through 
a nozzle into cavities or over a supporting membrane above 
ceilings on attic floors.

thicker the air film and the higher its insulation value. With mini-
mal air motion, an insulating layer of air clings to the surface, in-
creasing thermal resistance. An air film at the exposed surface 
of a solid material increases heat transfer by both convection 
and radiation. Warm room air mixing with cooler air will gently 
flow against the inside surface of the building envelope, disturb-
ing the insulating air film.

An air space is a sheet of air contained on two sides by drywall, 
brick, insulation, or other building materials. (See Figure 2.16) A 
layer of air will slow down the transfer of heat through a building 
envelope. The amount of resistance to heat gain or loss that it 
provides is determined by its width, position (horizontal, vertical, 
or tilted), and surrounding materials.

air BarriErS
An air barrier may be required by building codes in walls and 
roofs to avoid air leaks. The type of air barrier depends on the 
type of construction. Many types of framed walls use continu-
ous sheet material wrapped around building exterior just before 
exterior finish material is applied. The air barrier must be air-
tight, but allow water vapor to pass. In some situations, where 
installed on the warm side of a wall, the air barrier also acts as 
a vapor barrier.

insulation types and Forms
When deciding on a type of insulation, its performance specifica-
tions and any complications from material thicknesses should 
be considered. Characteristics of insulation include R‐value, 
moisture resistance, fire resistance, potential for toxic smoke, 
physical strength, and stability over time.

Inorganic fibrous or cellular materials include fiberglass, 
rock wool, slag wool, perlite, and vermiculite. Organic fibrous or 
cellular materials include cotton, synthetic fibers, cork, foamed 
rubber, and polystyrene.

Most insulating materials owe their effectiveness to very 
small air spaces that slow down heat transfer. Two excep-
tions are reflective insulation and vacuum insulation panels 
(VIPs). Reflective insulation comprises larger air spaces faced 

Figure 2.16 masonry wall air space
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TABLE 2.5 INSULATIoN TypES AND FoRmS
Type Comments

Loose‐fill fiberglass or 
cellulose (ground up 
newspapers)

Blown into stud spaces and 
attics

Loose‐fill expanded 
minerals (perlite, 
vermiculite)

Poured into masonry wall 
cavities

Foamed‐in‐place 
expanded pellets and 
liquid‐fiber mixtures

Poured, frothed, sprayed, or 
blown into cavities to fill corners, 
cracks and crevices airtight

Foams Sprayed into cavities or on 
surfaces such as basement walls

Flexible and semi‐rigid 
insulation batts and 
blankets

Batt may be faced with vapor 
retardant; also used for acoustic 
insulation, ineffective when wet; 
blankets are supplied in rolls 
rather than sheets

Rigid insulation (extruded 
polystyrene, cellular 
glass, polyisocyanurate)

Moisture resistant, often used 
outside; comes in blocks, 
boards, and sheets or preformed 
for use on pipes

Figure 2.17 Loose‐fill insulation 
Source: Redrawn from photo by Dennis Schroeder, National Renewable 
Energy Lab, Energy.gov
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Wind tends to limit thermal performance of exterior shut-
ters, which need to be sealed prevent short‐circuiting convec-
tion of conditioned air near the window. (See Figure 2.20)

Drapery with thermal liners of insulating foam or reflective 
films increase R‐value up to three R‐units. Edges must be sealed 
to prevent convection. Thermal-lined drapery should extend 
from ceiling to floor and have magnetic strips or Velcro™ for 
good edge seals. It is advisable to also use a vapor barrier to 
reduce condensation on windows.

Venetian blinds with a reflective coating or insulating louvers 
(slats) control daylight as well as heat gain and loss. The louvers 
adjust to admit or limit passage of light and heat.

Night insulation over direct‐gain solar glazing conserves in-
door heat, and can also reject sun on summer days. It can also 
provide privacy control and eliminate the black hole appearance 
of bare glazing.

adding inSulation
The thermal resistance of the building envelope is increased by 
adding more insulation. Insulating materials with slow conduction 
rates provide high thermal resistance. By reducing heat trans-
mission through the envelope, they reduce energy requirements 

Figure 2.18 Batt insulation

Figure 2.19 Rigid insulation
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movaBlE inSulation
Movable insulation provides extra insulation on winter nights. It 
also eliminates the black hole effect at skylights and windows 
and can provide extra insulation and shading in the summer. 
In addition, some types of movable insulation have aesthetic 
value. Rigid panels have high R‐values, but are complex to install 
and use.
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Passive systems are available for climate control, fire pro-
tection, lighting, acoustics, circulation, and sanitation. Passive 
systems also have an increased ability to survive in emergen-
cies, due to their high levels of insulation, passive solar, passive 
cooling, and daylighting.

See Chapter 14, “Heating and Cooling,” and Chapter 17, “Light-
ing Systems,” for more passive design information.

paSSivE Solar dESign
A passive solar system collects, stores, and redistributes so-
lar energy without using equipment such as fans, pumps, or 
complex controllers. Basic building elements such as windows, 
walls, and floors have multiple functions including heat storage 
and heat radiation.

A passive solar system will have at least two elements: a 
collector with south‐facing glazing (Northern Hemisphere), and 
energy storage, which is usually a thermally massive material 
such as rock or water. Passive solar design is usually the sec-
ond step of a three‐tier approach. First, heat retention is pro-
vided, then passive solar design, and finally, mechanical heating 
(if needed).

General considerations for passive solar systems include 
orientation, interior plan, slope of glazing, shading, and reflec-
tors. (See Table 2.6)

for heating and cooling. High levels of insulation maintain a com-
fortable interior MRT. They aid in controlling condensation and 
moisture problems.

SupErinSulation
Superinsulation uses extra insulation plus extra thermal mass, 
along with insulative window treatments. Superinsulated build-
ings use about twice the code‐required minimums of insulation. 
Superinsulated buildings are designed to eliminate the need for 
a central heating system. Although they vary with climate and 
building style, all superinsulated buildings are constructed to 
be airtight, have a high level of insulation, and use a ventilation 
system to control air quality. The heat generated by people and 
equipment is adequate to hold a comfortable temperature over-
night without additional heating, although some additional heat 
may be needed after a cold winter night.

A superinsulated, sun‐tempered building combines thermal 
insulation with a moderate area of very efficient windows. It 
uses about same amount of heating fuel as passive solar build-
ing, with better control of air temperatures and direct sunlight.

EnErgy‐EFFiciEnt dESign
Energy efficient building design should start with passive build-
ing systems that rely on the architecture of the building itself. 
Fuel‐efficient active mechanical systems can be considered 
once the building’s contribution has been maximized.

passive Systems
The design of passive systems requires a change in the per-
spective of the design team and the way that energy codes 
and standards are evaluated. The majority of energy efficiency 
standards have dealt only with on‐site energy usage, neglecting 
off‐site energy such as that used to transport fuel and losses 
during electrical generation.

Passive design begins early in the design process, and re-
quires early and continuous architectural attention. It also re-
quires the sincere involvement and cooperation of the building’s 
occupants. Passive solar systems tend to create a more pleas-
ant indoor environment than active solar systems. The building 
itself can be used to teach its users and visitors about how it 
works.

Passive design solutions let nature do the work, and usually 
employ renewable energy resources. The approach is to think 
small, simple, and local.

Passive systems work with the rules of physics, and often 
look to nature for biological design models. Passive systems 
shape building form to support solar heat, daylighting, and 
natural ventilation. Passive design avoids the use of high‐grade 
resources for low‐grade tasks.

Highly integrated passive system components relate to the 
whole rather than to isolated parts. An increased awareness of 
multidisciplinary, multifunctional system capabilities allows first 
costs to be spread over multiple features.

TABLE 2.6 pASSIVE SoLAR DESIGN 
CoNSIDERATIoNS

Consideration Comments

Orientation Sun usually enters building from south 
through vertical windows for maximum 
winter sun, and with proper shading, 
minimal summer sun.

Interior plan Designed to take advantage of sun’s daily 
cycle. Breakfast areas on east side for 
morning sun. Living or family room spaces 
on south or southwest side for sun later 
in day.

Slope of glazing Vertical glazing is less expensive and 
safer, both exterior and interior shading 
are easier, as is fitting with night insulation.

Shading Reflected heat in hot and dry areas 
requires shading. Overhangs (awnings, 
balconies) help block diffuse radiation in 
humid regions.

Reflectors Exterior specular reflectors increase solar 
collection while minimizing heat loss and 
gain, and aid daylighting.

White diffusing reflectors only reflect small 
amount of incident sunlight into window.
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in the 1960s. A Trombe wall consists of thermal mass, often 
around 12" (305 mm) thick, just inside a sheet of south‐facing 
glazing. (See Figure 2.21) It requires heavy masonry construc-
tion and is usually made of solid materials such as concrete, 
brick, stone, or adobe, or consist of steel containers of water. 
Tubes of translucent or transparent plastic that allows some 
light to pass are also used.

Sunlight is absorbed and conducted through the wall to the 
occupied space. Heat produced and longwave radiation emitted 
by the wall is trapped between the glazing and the wall. The heat 
gradually migrates through the wall, producing low‐grade but 
effective radiant heat inside at night.

Trombe walls usually have a direct gain opening within wall 
for daylight and view. They are thermally stable, with a large 
portion of their heat delivered by radiation to space. Keeping 
the air space between the Trombe wall and the glass covering 
it clean can be a problem. Objects on the wall’s interior surface 
that interfere with radiant heat must be minimized. Trombe walls 
can make a living space feel very enclosed, but may be appro-
priate for bedrooms, where enclosure and darkness are more 
welcome.

Water thermal storage walls operate similarly to masonry 
ones, except that, since the heat transfers through the wall 
by convection rather than conduction, it moves to the interior 
much more rapidly. They are made with corrugated galvanized 
steel culverts, steel drums, or opaque fiberglass‐reinforced 
plastic tubes.

rooF pondS
Roof ponds are indirect gain solar systems that consist of 
water contained in large plastic bags located on the roof of 
a single‐story building. They are usually supported by a metal 
deck roof structure, which is used as the finished ceiling of the 
room below, with heat conducted from the storage radiated into 
the interior space. Insulated panels over the bags of water are 
manipulated with electric motors.

In the winter, the roof pond is exposed to sunlight in the 
daytime, and covered with insulation at night. In the summer, 

dirEct gain SyStEmS
Direct‐gain passive solar systems introduce solar energy 
directly into the interior space through ordinary fenestration. 
The space itself is used as a solar collector and for storage of 
excess daytime heat for later release at night and on overcast 
days. Solar collection depends on south‐facing glazing (North-
ern Hemisphere) located strategically to strike thermal mass 
within the interior space. Depending on the specifics, a properly 
designed direct‐gain system can be 30 to 75 percent efficient 
for the capture and use of incident solar energy.

Direct gain systems utilize thermal mass materials such as 
masonry or water to store heat. Floors, walls, and/or ceiling are 
typically made of thermally massive materials that store heat 
well. Massive furnishings or other objects within the space can 
also provide thermal storage.

Many interior contents, such as drywall, furniture, and books, 
can act as thermal mass. Medium to dark colors aid in heat 
absorption. Thermal storage floors must not be covered by 
carpets.

Direct gain systems require careful design of site conditions 
and window treatments to prevent glare indoors. Transparent or 
light‐diffusing glazing may be used. Adjustable window insula-
tion inhibits the loss of solar heat to the outside through glazing 
at night. Smaller or fewer windows reduce summer heat gain 
problems. South‐facing windows (Northern Hemisphere), clere-
stories, and skylights facilitate the greenhouse effect.

Glass helps to filter UV radiation but with direct gain systems, 
enough is transmitted to bleach paints, interior furnishings, and 
other building materials. It is advisable to select colors and ma-
terials that resist fading.

Direct‐gain systems tend to produce relatively large daily 
space temperature fluctuations, with 10° to 30°F (6° to 17°C) 
swings typical. Even with the addition of a conventional heating 
system, some temperature fluctuation can be expected.

indirEct gain SyStEmS
Indirect gain systems place thermal storage mass between 
the sun and the occupied space. Sunlight strikes the thermal 
mass, where it is absorbed and stored, then slowly transferred 
to the occupied space. The thermal storage material may be 
masonry or water. Three basic types of indirect gain systems 
include thermal storage walls, roof ponds, and greenhouses 
and sunspaces.

tHErmal StoragE WallS
Trombe wall systems and water thermal storage walls are 
both indirect gain thermal storage walls. Trombe walls were de-
veloped by engineer Felix Trombe and architect Jacques Michel 

Figure 2.21 Trombe wall 
Source: Redrawn from Energy.gov
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At the initial conceptual design stage, the architect and in-
terior designer group similar functions and spaces with similar 
needs close to the resources they require, consolidating and 
minimizing distribution networks. (See Figure 2.22) The activi-
ties that attract the most frequent public participation belong at 
or near ground level. Closed offices and industrial activities with 
infrequent public contact can be located at higher levels and in 
remote locations. Spaces with isolated and closely controlled 
environments, like lecture halls, auditoriums, and operating 
rooms, are often placed at interior or underground locations. 
Mechanical spaces that need acoustic isolation and restricted 
public access, or that require access to outside air, should be 
close to related outdoor equipment like condensers and cooling 
towers, and must be accessible for repair and replacement.

Large buildings are broken into zones. Perimeter zones are 
immediately adjacent to the building envelope, usually extend-
ing 15’ to 20’ (4.6 to 6 m) inside. Perimeter zones are affected 
by changes in outside weather and sun. In small buildings, the 
perimeter zone conditions continue throughout the building. In-
terior zones are protected from the extremes of weather, and 
generally, require less heating, as they retain a stable tempera-
ture. Generally, interior zones require cooling and ventilation.

The spaces in a mixed‐use building are divided between pe-
rimeter zones that are most affected by exterior conditions and 
interior zones that remain relatively stable. (See Figure 2.23) 
Varying uses as well as scheduling and internal heating and 
cooling requirements within these zones could require subdivi-
sion into additional zones.

the design team
In the past, architects were directly responsible for the design 
of the entire building. Heating and ventilating consisted primarily 
of steam radiators and operable windows. Lighting and power 
systems were also relatively uncomplicated.

Today, the architect typically serves as the leader and coor-
dinator of a team of specialist consultants, including structural, 
mechanical, and electrical engineers, along with fire protection, 
acoustic, lighting, and elevator specialists, and interior design-
ers. (See Figure 2.24) Energy conscious design requires close 
coordination of the entire design team from the earliest design 
stages.

On larger projects, the design team can include a wide 
range of professionals. Interior designers work directly for the 

it is covered during the day to insulate it from the sun, and un-
covered at night, when natural convection and radiation to the 
night sky provide cooling. A roof pond can also provide passive 
cooling in the summer.

grEEnHouSES and SunSpacES
Greenhouses and sunspaces combine properties of direct and 
indirect systems. Both can be retrofitted onto the south wall 
(Northern Hemisphere) of an existing building. Attached solar 
spaces can serve as a buffer to the main space, and provide 
additional habitable space in mild weather. They typically need 
to be shaded and vented in warm weather.

Greenhouses are directly heated by solar radiation. A ther-
mal wall (masonry or water) between the greenhouse and the 
occupied space receives direct sunlight and transmits heat to 
the adjacent space. Heated greenhouse air may also be vented 
into the occupied space. Fans are sometimes used to extract 
additional heated air from a greenhouse to heat adjoining 
spaces. Heat from the thermal wall is released at night, which 
can aid plant life. Thermal mass moderates temperatures 
during the day. The efficiency of a solar greenhouse can be 
as high as 60 to 75 percent. When the greenhouse is used to 
grow plants, the temperature range and fluctuations must be 
considered as they relate to plant needs.

A sunspace is used as an extension of the occupied space 
only when the weather permits. Heat built up in the sunspace 
transfers to the occupied space to meet heating needs, and 
the sunspace is not heated at night. They can be pleasant liv-
ing spaces, but keeping comfortable temperatures in the main 
space is achieved with very wide temperature swings in the sun-
space. A row of water containers to store heat takes substantial 
floor area.

Sunspaces require venting to the outside to prevent over-
heating; openings can be smaller if a fan is used. They also re-
quire openings such as doors, windows, or vents in the common 
wall between the main building and the sunspace to heat the 
interior in the winter. To be effective, all these openings must 
add up to at least 16 percent of the glazing area.

active Solar and Hybrid Systems
Typically, solar heated buildings use hybrid systems that com-
bine active and passive strategies. Active solar space‐heating 
systems use mechanical equipment to collect and store solar 
energy. The design criteria for collection and storage are some-
what complex. The large arrays of solar collectors require pipes 
or ducts to distribute heat for space heating.

tHE dESign procESS
Historically, architects addressed the environmental needs of a 
building themselves. However, in the twentieth century, this role 
was delegated to engineers, who responded with mechanical 
and electrical equipment. Today, the design process is more 
collaborative and holistic.

Figure 2.22 Locating functions for daylighting
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mechanical, and electrical system components. The location 
of plumbing fixtures, sprinklers, fire extinguishers, air diffus-
ers and returns, and other items covered by plumbing and me-
chanical codes must be coordinated with interior elements. The 
plumbing, mechanical, and electrical systems are often planned 
simultaneously, especially in large buildings. Vertical and hori-
zontal chases for distribution are integrated into building cores 
and stairwells. Suspended ceiling and floor systems house me-
chanical, electrical and plumbing components. Their locations 
affect the selection and placement of finished ceiling, wall, and 
floor systems.

The design process establishes the design intent of the 
project by defining characteristics of a proposed building solu-
tion. These become focal points for the efforts of the design 
team. Example design intents include:

 ● Providing outstanding comfort for its occupants
 ● Accommodating the latest in information technology
 ● Focusing on indoor environmental quality and sustainable 

design
 ● Using primarily passive systems to accomplish design 

goals through the building itself rather than through adding 
equipment

 ● Providing a high degree of flexibility for its occupants, so that 
changes in use or other conditions are readily accommodated

Figure 2.23 perimeter and interior building zones 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 245
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architect as part of the architectural team, serve as consultants 
to the architect, or in some cases, work independently on build-
ing interiors.

The interior designer often meets with the architect and 
engineers in the preliminary stages of the design process to 
coordinate the interior design with new and existing plumbing, 
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products began to replace renewable energy sources such 
as wood for fuel and animals for work. In 2013, the United 
Nations estimated a population exceeding seven billion, which 
relies primarily on non-renewable fuels.

Energy Efficiency and conservation
Energy conservation in buildings is a complex issue involving 
sensitivity to the building site, construction methods, use and 
control of daylight and the design of artificial lighting, and selec-
tion of finishes and colors. The selection of heating, ventilat-
ing, and air conditioning and other equipment can have a major 
effect on energy use.

Energy conservation is part of energy efficiency. While energy 
efficiency focuses on minimizing the depletion of non-renewable 
energy resources, energy conservation implies saving energy by 
using less. It sometimes carries the negative connotation of doing 
without.

The materials and methods used for building construction 
and finishing have an impact on the larger world. The design of 
a building determines how much energy it will use throughout 
its life. The materials in the building’s interior are tied to the en-
ergy use, waste, and pollution involved in their manufacture and 
eventual disposal. Increasing energy efficiency and using clean 
energy sources can limit greenhouse gases.

Over 80 percent of the energy used for heating, refrigera-
tion, and air conditioning buildings comes from non-renewable 
sources. In the United States, about 67 percent of electricity is 
produced by the consumption of fossil fuels; this also contrib-
utes carbon dioxide to the atmosphere. Reducing the amount 
of energy used requires energy conservation and reduces both 
the cost and environmental impact.

Global warming problems can be minimized by designing 
for energy conservation. Passive heating, ventilating, and air 
conditioning (HVAC) strategies and the use of renewable energy 
technologies help. Energy‐efficient buildings lower electrical 
and fuel costs, reduce peak power demands and the need for 
new power plants, and reduce air pollution, carbon dioxide (CO2) 
emissions, and other negative environmental impacts from pro-
duction and distribution of fossil fuels.

Sustainability and green design
Sustainable architecture looks at human civilization as an in-
tegral part of the natural world, and seeks to preserve nature 
through encouraging conservation in daily life.

Sustainability was defined by the United Nations World 
Commission on Environment and Development in The Brundtland 
Report (1987): “Sustainable development is development that 
meets the needs of the present without compromising the ability 
of future generations to meet their own needs.” Sustainable 
design is a holistic approach to building design that reduces 
negative social, economic, and ecological impacts on the envi-
ronment through conservation and reuse of natural resources, 
energy, water, and materials.

integrated design
An integrated design process, in which each component is 
considered to be a critical part of the whole, is essential to 
successful energy‐efficient design. (See Figure 2.25) Energy 
conscious design requires a team effort from the start, with 
close cooperation among all the disciplines. Mechanical and 
electrical control systems should be considered during initial 
planning, as they strongly affect building form, site location, 
and orientation.

SuStainaBlE dESign
Today, architects have accepted the goals of sustainable design 
and the need for collaboration with other design professionals. 
They support organizations working to educate architects, in-
cluding the US Green Building Council (USGBC) and its Leader-
ship in Energy and Environmental Design (LEED) programs.

Sustainability…calls for a holistic approach that considers the 
social, economic, and environmental impacts of development 
and requires the full participation of planners, architects, 
developers, building owners, contractors, manufacturers, 
as well as governmental and non‐governmental agencies. 
(Francis D. K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 1.03)

Energy efficiency and conservation and the use of sustain-
able materials are important parts of sustainable design. Inte-
rior designers are also supporters of these goals and contribu-
tors to this process.

The growth of human population generates much of the 
work for building design professionals; it is also the source of 
great problems. According to the United Nations (UN) Depart-
ment of Economic and Social Affairs (2013), around 1930, the 
world’s population reached approximately two billion. Around 
that time in the United States, kerosene and other petroleum 

Figure 2.25 Integrated design
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emphasizes the development of community support systems 
that can be restored, renewed, revitalized, or regenerated 
through the integration of natural processes, community action, 
and human behavior.

Energy and materials
Most buildings have a functional lifetime of 50 years, and up to 
100 years of structural life. Designing for the future is difficult, 
especially when considering how a building system may relate to a 
changing global environment. Our dependence on non-renewable 
energy sources, often from distant locations, means that consum-
ers typically have no direct contact with energy sources and 
systems that are typically designed to remain unseen. Most 
mechanical and electrical systems use non-renewable materials 
(primarily metals and plastics).

Once non-renewable resources are exhausted, they cannot 
be replaced in a timeframe that relates to the human species. 
Renewable resources such as solar energy or sustainably man-
aged forests, on the other hand, arrive at rates controlled by 
nature; they are available indefinitely.

Off‐site sources such as natural gas or oil, the electrical 
grid, and water and sewer lines are usually subsidized by so-
ciety at large, and often entail significant environmental costs. 
Using sustainable on‐site resources such as daylighting, solar 
heating, cooling, water heating, and photovoltaic electrical pro-
duction as well as rainwater retention and on‐site wastewater 
treatment, can supplement or replace off‐site sources.

EmBodiEd EnErgy and conStruction 
matErialS
Embodied energy is the energy that is used to obtain, pro-
cess, fabricate, transport, and dispose of a unit of building ma-
terial. Embodied energy considers the impact of building energy 

The goal of sustainability is no net negative environmental 
impacts. This involves avoiding non-renewable resource con-
sumption, keeping the rate of consumption of renewable re-
sources below that of regeneration, and limiting any pollution 
produced.

Sustainable design is also called green design. The US Envi-
ronmental Protection Agency (EPA) has defined green building as:

[T]he practice of creating structures and using processes 
that are environmentally responsible and resource‐efficient 
throughout a building’s life‐cycle from siting to design, 
construction, operation, maintenance, renovation and 
deconstruction. This practice expands and complements 
the classical building design concerns of economy, utility, 
durability, and comfort.

The potential effects of green design performance can 
be measured in terms of depletion of fossil fuels and other 
non-renewable resources, water use and protection of water 
bodies, global warming, stratospheric ozone depletion and 
smog creation, accumulation of acids in the environment, and 
release of toxic materials.

ASHRAE 189.1—Standard for the Design of High‐Perfor-
mance Green Buildings Except Low‐Rise Residential Buildings 
provides a total building sustainability package for those who 
strive to design, build, and operate green buildings. The 2012 
ICC‐700 National Green Building Standard® (NGBS) for resi-
dential construction is used to certify single‐ and multi‐family 
homes and residential developments.

Architect William McDonough and chemist Michael Braungart 
have proposed three principles to guide sustainable design:

 1. Waste equals food: Produce everything so that, when its useful 
life is over, it becomes a healthy source of raw materials to 
produce new things.

 2. Respect diversity: Design everything to respect the region, 
culture, and materials of a place.

 3. Use solar energy: Buildings must be designed to be 
responsive to this non-polluting and renewable energy 
source.

rEgEnErativE dESign
Supporters of sustainable design are familiar with the saying, 
“reduce, reuse, recycle.” Today, many designers are adding a 
fourth work, “regenerate.”

The goal of energy efficiency is to reduce net negative ener-
gy impacts. The goal of green design is to reduce net negative 
environmental impacts. The goal of regenerative design is to 
produce positive environmental impact, leaving the world better 
off in terms of energy, water, and materials. (See Figure 2.26)

The John T. Lyle Center for Regenerative Studies at Cal Poly 
Pomona views the development of regenerative systems as 
the most promising method for ensuring a sustainable future, 
going beyond conservation of critical natural resources to en-
hancing them over time. They teach that regenerative design 

Figure 2.26 Regenerative design
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at the building envelope, HVAC system, lighting, equipment, and 
appliances as well as renewable energy systems as a whole. 
Energy loads—the amount of energy the building uses to op-
erate—are reduced by integration with the building site, use of 
renewable resources, the design of the building envelope, and 
the selection of efficient lighting and appliances. Energy load 
reductions lead to smaller, less expensive, and more efficient 
HVAC systems that in turn use less energy.

Buildings, as well as products, can be designed for reuse 
and recycling. A building designed to easily adapt to changed 

consumption, maintenance, and replacement. Each type of 
building material contains embodied energy.

Mechanical and electrical systems often use metals and 
plastics. These materials are selected for their strength, dura-
bility, and fire resistance as well as their electrical resistance 
or conductivity. Their environmental impact involves the energy 
cost to mine, fabricate, transport, and ultimately, dispose of 
them.

To conserve energy and materials, and to limit pollution, 
it is wise to reduce materials used for building construction 
and to utilize materials efficiently. Reuse existing buildings 
and structures wherever possible. Select materials and prod-
ucts that minimize the destruction of the global environment, 
and evaluate whether material production produces toxic 
wastes.

Reducing materials use lowers environmental impact and 
minimizes waste from material handling and construction. Use 
durable materials made from renewable resources, and avoid 
non-renewable sources or materials. Use materials with re-
cycled and recyclable content. Local building materials reduce 
the embodied energy due to transportation.

Setting Sustainability goals
Environmentally conscious interior design is a practice that at-
tempts to create indoor spaces that are environmentally sus-
tainable and healthy for their occupants. Sustainable interiors 
address their impact on the global environment. To achieve 
sustainable design, interior designers must collaborate with 
architects, developers, engineers, environmental consultants, 
facilities and building managers, and contractors.

The professional ethics and responsibilities of the interior 
designer include the creation of healthy and safe indoor environ-
ments. The interior designer’s choices can provide comfort for 
the building’s occupants while benefiting the environment, an 
effort that often requires initial conceptual creativity rather than 
additional expense.

It is often possible to use techniques that have multiple 
benefits, spreading the cost over several applications to 
achieve a better balance between initial costs and benefits. 
For example, a building designed for daylighting and natural 
ventilation also offers benefits for solar heating, indoor air 
quality, and electric lighting. This approach cuts across the 
usual building system categories and ties the building closely 
to its site. We will be discussing many of these techniques 
in this book, crossing conventional barriers between building 
systems in the process.

Sustainable design Strategies
Sustainable design strategies are available for just about any 
building system. (See Table 2.7) Building designers should look 

TABLE 2.7 SUSTAINABLE BUILDING SySTEm 
STRATEGIES

Building Systems Strategies

Site Use on‐site energy sources. Site 
buildings to enhance daylighting and 
reduce use of electric lighting.

Building Envelope Use insulation to reduce heat transfer 
through the envelope.

Building Construction Use materials with less embodied 
energy. Use products made with 
recycled materials and ones that can 
be recycled.

Fenestration Employ user‐operated controls 
such as window shades or operable 
windows.

Acoustics Reduce noise pollution through 
building siting, acoustic absorption, 
space planning, materials selections, 
and efficient equipment selection.

Water Use rainwater retention for irrigation 
and flushing toilets. Specify water‐
conserving and waterless plumbing 
fixtures.

Waste Control construction and demolition 
waste. Recycle and reuse materials 
and water.

Fixtures, appliances Specify energy efficient fixtures and 
appliances.

IAQ, ventilation, 
moisture control

Use natural ventilation. Improve indoor 
air quality with proper ventilation and 
by avoiding pollutants.

Heating, cooling Use passive solar heating and cooling 
as well as shading.

Electrical Power Use photovoltaic energy or fuel cells.

Lighting Design for daylighting with 
supplemental energy‐efficient electric 
lighting.

Communication and 
Controls

Use integrated and intelligent building 
controls for fresh air ventilation, 
sunlight and shading, and electrical 
lighting.
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lEEd critEria and rating SyStEmS
Each LEED rating system groups requirements that address the 
unique needs of building an project types on their path toward 
LEED certification. (See Table 2.8) Project teams use the credits 
appropriate to their chosen rating system to guide design and 
operational decisions.

LEED rating systems include Integrative Process require-
ments that promote reaching across disciplines to incorporate 
diverse team members during the pre‐design period.

There are four levels of LEED certification. The lowest is 
Certified, then Silver, Gold, and Platinum. The number of points 
a project earns determines the level of LEED certification.

LEED Professional Accreditation recognizes an individual’s 
qualifications in sustainable building. Interior designers are 
among those becoming LEED‐accredited professionals by 
passing the appropriate LEED professional accreditation exam. 
The LEED Green Associate Exam is the first level. Experience 
working on a LEED‐registered project is strongly recommended 
before taking the LEED AP exam for one of the five project 
categories.

In addition to LEED, there are other sustainable design pro-
grams throughout the world. (See Table 2.9)

High performance Buildings
High performance buildings integrate and optimize all major 
high‐performance building attributes, including energy efficiency, 
durability, life‐cycle performance, and occupant productivity. The 
design of the role of mechanical systems in high‐performance 
buildings should clarify the role of the system in reaching net‐
zero energy or carbon‐neutral outcomes. Historically, passive 
systems have been used, but these have some limitations. More 
recently, active systems with fewer limitations have dominated, 
but these may have serious environmental impacts.

Net zero buildings are buildings that become self‐sufficient and 
operate entirely on renewable energy.

uses reduces the amount of demolition and new construction 
and prolongs the building’s life. Products that do not combine 
different materials allow easier separation and reuse or recy-
cling of metals, plastics, and other constituents than products 
where diverse materials are bonded together. The use of re-
movable and reusable demountable building parts leaves the 
building structure intact, but discourages integration of me-
chanical and structural systems, and is more susceptible to 
energy leaks.

It takes more energy to produce electric heating (3 units heat 
are equal to one unit of electricity) than combustion heating 
(up to 90 percent efficient, so 1.1 to 1.7 units of fuel produce 1 
unit of heat).

SuStainaBlE StratEgiES For rESidEncES
Interior designers are often in a primary position to support 
sustainable design strategies for residences. Daylighting and 
energy‐efficient light sources should be used throughout the 
home. Locate energy‐efficient windows for passive solar heat-
ing and minimal winter heat loss as well as to minimize cool-
ing‐season heat gain.

Using standard‐sized products and materials helps to mini-
mize construction waste. Recycle construction and demolition 
waste, and donate serviceable cabinetry, appliances, and fixtures 
for reuse.

Residential kitchen appliances are responsible for about 29 
percent of the energy use in a home. When working with clients 
to design a kitchen, rather than developing an ever‐expand-
ing mandate, encourage them to think small, and encourage 
minimalist design. Specify environmentally healthy building and 
interior finish materials from local sources, including salvaged 
and repurposed products. Support the use of energy efficient 
products and appliances and water‐conserving fixtures.

lEEd System
As introduced above, Leadership in Energy & Environmental 
Design (LEED) is a green building certification program. To re-
ceive LEED certification, building projects satisfy prerequisites 
and earn points to achieve different levels of certification. Pre-
requisites and credits differ for each rating system, and teams 
choose the best fit for their project.

LEED v4 was introduced in December 2013. This version 
emphasizes material transparency, requiring a better under-
standing of the products being used in a building and their 
sources. Prerequisites such as metering and recording a build-
ing’s energy and water use were also introduced. LEED v4 sup-
ports integrated building systems.

USGBC continues to revise LEED to meet current needs. Check 
for updates at http://www.usgbc.org/.

TABLE 2.8 LEED V4 RATING SySTEmS
Rating System Building Types Covered

Building Design and 
Construction (BD+C)

New construction, core and shell, 
schools, retail, hospitality, data 
centers, warehouses and distribution 
centers, healthcare, homes

Interior Design and 
Construction (ID+C)

Commercial interiors, retail, 
hospitality

Building Operations and 
Maintenance (O+M)

Existing buildings, schools, 
retail, hospitality, data centers, 
warehouses and distribution centers

Neighborhood 
Development (ND)

Neighborhood development plan

http://www.usgbc.org/
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and climate requirements, and fully shaded in summer. Passive 
solar is used for space heating; and active solar, for domestic 
hot water. Appliances, electric lighting, and heating and cooling 
systems are all designed for high‐efficiency. Photovoltaics pro-
vide any additional electrical needs.

This chapter has explored the building envelope and intro-
duced energy efficient design, the building design process, and 
sustainable design. In Chapter 3, we look at how the human 
body interacts with the built environment as well as how building 
codes protect us.

The term passive house (the German term Passivhaus is 
often used) refers to a voluntary standard for energy efficiency 
in a building that reduces its ecological footprint so that it re-
quires little energy for space heating or cooling. The standard 
has been applied to office buildings, schools, and other building 
types in addition to residential buildings.

The characteristics of a house that uses no more energy 
than it produces include superinsulated walls, roof, and floor, 
and airtight construction with a heat recovery unit for ventila-
tion. High‐performance windows are oriented properly for solar 

TABLE 2.9 oTHER SUSTAINABLE DESIGN pRoGRAmS
program Description

Canada Green Building 
Council

The Canada Green Building Council has a version of LEED adapted for the Canadian climate, and 
construction practices and regulations.

2012 National Green 
Building Standard®

Residential green building rating system approved by American National Standards Institute (ANSI). 
Developed by International Code Council (ICC) and National Association of Home Builders (NAHB).

Architecture 2030 Challenge Goal is to reduce greenhouse gas emissions of buildings to 0 by the year 2030.

Living Building Challenge Rigorous international sustainable building certification program created by International Living 
Future Institute to promote advanced measurement of sustainability in the built environment.

Green Globes™ The Green Building Initiative’s (GBI) online assessment tool for new or existing buildings, 
sustainable interiors, or building intelligence.

R‐2000 Canadian voluntary technical performance standard for energy efficiency, indoor air tightness 
quality, and environmentally responsible home construction administered by Natural Resources 
Canada (NRCan).

BREEAM The Building Research Establishment’s Environmental Assessment Method (BREEAM) in the United 
Kingdom, Hong Kong, and Canada. Environmental assessment and rating system for sustainable 
design, construction, operation.
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3
Designing for Human Health  

and Safety 

Architects, engineers, and interior designers are all concerned 
about how the human body interacts with the built environment. 
Engineers design systems that maintain thermal equilibrium 
and other environmental requirements. All three professions 
use building codes to satisfy minimum health and safety  
requirements.

Members of the American Institute of Architects (AIA) and 
other licensed architects with mandatory continuing education 
requirements are required to complete a minimum number of 
hours of Health, Safety, and Welfare (HSW)‐related training. 
AIA defines HSW in architecture as “anything that relates to the 
structural integrity or soundness and health impacts of a build-
ing or building site. Courses must intend to protect the general 
public.” (Continuing Education System, The American Institute 
of Architects, http://www.aia.org/education/ces/AIAB089080, 
accessed July 4, 2014)

According to the American Society of Interior Designers 
(ASID):

Protecting health, safety and welfare is the professional 
responsibility of every interior designer. Every decision an 
interior designer makes in one way or another affects the 
health, safety and welfare of the public. Those decisions 
include specifying furniture, fabrics and carpeting that meet 
or exceed fire codes and space planning that provides 
proper means of egress. Additionally, designers deal with 
accessibility issues, ergonomics, lighting, acoustics and 
design solutions for those with special needs. (Health and 
Safety, www.asid.org/content/health‐and‐safety, accessed 
July 4, 2014)

IntroDuctIon
The work of interior designers is directly concerned with the 
health, safety, and welfare of building occupants. Aspects of 
sustainable design such as indoor air quality and sustainable 
materials have direct impacts on human health. Requirements 
for health and safety differ between residential and commercial 
spaces.

Building safety has been a code issue since around 1772 
bce, when the Babylonian Code of Hammurabi dictated conse-
quences for improper building construction. Concern about 
building‐related illnesses arose in the late 1970s, due to indoor 
air problems in newly constructed office buildings; by the 1990s, 
the focus became the chemical contents of building materials.

Human BoDy anD tHe BuIlt 
envIronment
Buildings provide environments where people can feel comfort-
able and safe. To understand the ways building systems are 
designed to meet these needs, we must first look at how the 
human body perceives and reacts to interior environments.

maintaining thermal equilibrium
Our perception that our surroundings are too cold or too hot is 
based on many factors beyond the temperature of the air. The 
season, the clothes we are wearing, the amount of humidity and 
air movement, and the presence of heat given off by objects in 
the space all influence our comfort. Contact with surfaces or 

http://www.aia.org/education/ces/AIAB089080
http://www.asid.org/content/health%E2%80%90and%E2%80%90safety
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moving air, or with heat radiating from an object, produces the 
sensation of heat or cold. There is a wide range of temperatures 
that will be perceived as comfortable for one individual over time 
and in varying situations. We can regulate the body’s heat loss 
with three layers of protection: the skin, clothing, and buildings.

Human BoDy Heat ProDuctIon
The human body operates as an engine that produces heat. (See 
Figure 3.1) The fuel is the food we eat, in the form of proteins, 
carbohydrates, and fats. The digestive process uses chemicals, 
bacteria, and enzymes to break down food. Useful substances 
are pumped into the bloodstream and carried throughout the 
body. Waste products are filtered out during digestion and 
stored for elimination.

The normal human internal body temperature is around 
98.6°F (37° C). This temperature cannot vary by more than a 
few degrees without causing physical distress. Our body turns 
only about one‐fifth of the food energy we consume into me-
chanical work, with the remaining energy given off as heat or 
stored as fat. The amount of heat our body produces depends 
on what we are doing. This is why a room full of people doing 
aerobic exercise quickly heats up. The body requires continu-
ous cooling to give off all of this excess heat.

An individual’s metabolism sets the rate at which energy is 
used; it is based primarily on our level of muscular activity. (See 
Figure 3.2) Our metablolic rate follows a normal daily cycle, 
and is influenced by what, when, and how much we eat. The 
metabolic rate varies with body surface area and weight, health, 
sex, and age. Our metabolic rates are highest at around age 10, 
and lowest in old age. Pregnancy and lactation increases the 
rate by about 10 percent.

The amount of clothing a person is wearing and the sur-
rounding thermal and atmospheric conditions also influence 
the metabolic rate. It increases when we have a fever, during 
continuous activity, and in cold conditions if we are not wearing 
warm clothes. The weight of heavy winter clothing may add 10 
to 15 percent to the metabolic rate.

The metabolic rates of specific groups of people (children, older 
adults) may influence the thermal qualities of the spaces we 
design for them.

The set of conditions that allows your body to stay at the 
normal body temperature with the minimal amount of bodily reg-
ulation is called thermal equilibrium. We feel uncomfortable 
when the body works too hard to maintain its thermal equilibrium.

As designers of interior spaces, our goal is to create en-
vironments where people are neither too hot nor too cold to 
function comfortably and efficiently. We experience thermal 
comfort when heat production equals heat loss. Our mind feels 
alert, our body operates at maximum efficiency, and we are at 
our most productive.

SkIn anD Internal BoDy InteractIonS
Our skin is our primary interface with our environment, and the 
most important regulator of heat flow. We sense pressure and 
pain, heat and cold when our skin touches surfaces or mov-
ing air or senses heat by radiation. The brain’s hypothalmus 
receives these signals from the skin, as well as core body tem-
peratures, and responds with changes in blood distribution.

If the brain senses that we are too cold, the rate of body 
heat loss in decreased by reducing blood flow from the body 
core to the skin surface. In addition, sweat glands force less 
water to the skin surface, resulting in less evaporation and 
less heat loss. Colder temperatures result in goose bumps, our 
body’s attempt to create insulation by fluffing up our scant body 
hair. Shivering tries to increase the body’s metabolic rate to 
burn more fuel and produce more heat.

When we are too hot, blood flow toward the surface is 
increased. Sweat glands secrete water and salt (which lowers 
the water vapor pressure) to the skin surface, increasing heat 
loss by evaporation. (See Figure 3.3)

effectS of Heat anD colD
Our skin surface provides a layer of insulation between the 
body’s interior and the environment that is about equal in effect 
to putting on a light sweater. When we are cold, we lose too 
much heat too quickly, especially from the back of the neck, 
the head, the back, and the arms and legs. (See Figure 3.4) Figure 3.1 Activity and body heat
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This puts an increased strain on the heart, which pumps an 
increased amount of the blood directly to the skin and back to 
the heart, bypassing the brain and other organs, and we can 
become lethargic and mentally dull. Ultimately, when deep body 
temperatures fall, we experience hypothermia, which can result 
in a coma or death. The slide toward hypothermia can be re-
versed by exercise to raise heat production, or by hot food and 
drink, and a hot bath or sauna.

When we get too hot, the blood flow to the skin’s surface in-
creases, sweat glands secrete salt and water, and we lose body heat 
through evaporation of water from our skin. Water constantly evapo-
rates from our respiratory passages and lungs; the air we exhale is 
saturated with water. In high humidity, evaporation is slow and the rate 
of perspiration increases as the body tries to compensate. When the 
surrounding air approaches body temperature, only evaporation by 
dry, moving air will lower our body temperature.

Overheating increases fatigue and decreases our resis-
tance to disease. If the body is not cooled, deep‐body tempera-
ture rises and impairs metabolic functions, which can result in 
heat stroke and death. (See Table 3.1)

Conduction, convection, radiation, and evaporation were intro-
duced in Chapter 2, “Designing for the Environment.” We will look 
at these again in Chapter 12, “Principles of Thermal Comfort.”

At a normally comfortable temperature around 70°F (18°C), 
we lose approximately 72 percent of our body heat per hour by ra-
diation, convection, and conduction. (See Figure 3.5) Evaporation 
from our skin surface results in 15 percent lost, and evaporation 
from air exhaled from our lungs adds another 7 percent. The warm-
ing of air inhaled into our lungs accounts for 3 percent, and the 
remaining 3 percent is heat expelled in feces and urine.

When air and surface temperatures approach body temper-
ature, radiation, convection, and conduction are not effective, 
and evaporation is the only process that effectively cools us. 
Access to dry moving air helps evaporation do its job.

Figure 3.3 Skin and sweat glands 
Source: Redrawn from www.naturallyhealthyskin.org
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TABle 3.1 SurpluS Body HeAT TrAnSFer MecHAniSMS
Mechanism description primary Variables

Conduction Heat is transferred 
through direct contact 
with cooler surfaces

Surface temperatures

Convection Heat from the body is 
absorbed by air molecules

Air temperature, air motion, humidity

Radiation Heat is transferred to 
cooler surfaces without 
physical contact

Surface temperature, orientation to 
the body

Evaporation Heat is drawn from the 
body’s surface to provide 
energy to turn liquid water 
into water vapor

Humidity, air motion, air temperature

http://www.naturallyhealthyskin.org
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clotHIng anD acclImatIon
Over time, we have increasingly asked our buildings to do more 
to maintain thermal equilibrium and our bodies to do less. This 
leads to greater energy use. However, our personal thermal 
equilibrium is something we can mostly control ourselves with 
clothing. (See Figure 3.6)

Clothing is an additional layer that protects our bodies and 
helps maintain thermal equilibrium. In cold environments, cloth-
ing acts as an insulating layer. In a hot humid environment, we 
expose our skin to moving air to increase heat loss, while seek-
ing shade to protect our skin from burning. Clothing helps us 

keep from losing too much water and provides portable shade 
in a hot arid environment.

We can also reduce our reliance on mechanical building 
systems by allowing ourselves to acclimate to a wider range 
of thermal conditions. Tolerating temperatures that are a little 
higher or lower than our original preferences and adjusting our 
clothing to compensate saves energy. We can acclimate to new 
temperature conditions in a matter of days or weeks.

HumIDIty anD tHermal comfort
psychrometry is the study of moist air. Moisture, heat, and air 
interact to affect building performance.

Hot, dry air can be made more comfortable by adding 
moisture to raise humidity levels. However, the relationships 
between air temperature and humidity are complex. As air tem-
perature rises, so does its ability to hold moisture, so warmer 
air becomes less dense. When the air is fully saturated with 
moisture, water vapor condenses; this saturation line of 100 
percent relative humidity is the dew point.

In Chapter 2, “Designing for the Environment,” we looked at how 
condensation can occur within insulation due to falling air tem-
peratures and the dew point.

Humidity is most effective in influencing heat transfer in hot 
dry environments, where evaporative heat loss dominates. It 
has less of an impact in cold conditions, where heat loss by 
convection, radiation, and conduction dominate.

See Chapter 13, “Indoor Air Quality, Ventilation, and Moisture 
Control,” for more information on humidity.

visual and acoustic comfort
Visual comfort covers a range of situations, including provision 
of adequate illumination for the task at hand, controlling glare, 
and providing views and connections to the outdoors.

Our eyes can be damaged if we look even quickly at the sun, 
or for too long at a bright snow landscape or light‐colored sand. 
Direct glare from lighting fixtures can blind us momentarily. Low 
illumination levels reduce our ability to see well. The adjustment to 
moderately low light levels can take several minutes, an important 
consideration when designing entryways between the outdoors 
(which may be very bright or very dark) and the building’s interior.

Interior designers should avoid creating strong contrasts 
that can make vision difficult or painful, for example a very 
bright object against a very dark background or a dark 
object against light. Lighting levels and daylighting are 
important parts of interior design.

Figure 3.5 Body heat loss by type
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The buildings we design should help us use our senses com-
fortably and efficiently. Loud sounds can damage our hearing, 
especially over time. We have trouble hearing sounds that are 
much less intense than the background noise. The art and sci-
ence of acoustics addresses how these issues affect the built 
environment.

See Chapter 7, “Acoustic Design Principles”; Chapter 8, “Archi-
tectural Acoustics”; and Chapter 17, “Lighting Systems” for more 
information on acoustics and visual comfort.

other Human environmental 
requirements
Building systems meet our needs for water and waste removal, 
and assure a supply of fresh air. They also help protect us from 
bodily harm.

Water anD WaSte removal
We need a regular supply of water to move the products of 
food processing around the body. Water also helps cool the 
body. We need food and drinking water that is free from harmful 
microorganisms. Contaminated food and water spread hepatitis 
and typhoid. Building systems are designed to remove body and 
food wastes promptly for safe processing.

We will look at these issues in Chapter 9, “Water Supply Systems,” 
and Chapter 10, “Waste and Reuse Systems.”

freSH aIr
We must have air to breathe for the oxygen it contains, which 
is the key to the chemical reactions that combust (burn) the 
food‐derived fuels that keep our body operating. (See Figure 3.7) 

When we breathe air into our lungs, some oxygen dissolves into 
the bloodstream. We exhale air mixed with carbon dioxide and 
water, which are produced as wastes of combustion. Less than 
one‐fifth of the air’s oxygen is replaced by carbon dioxide with 
each lungful, but a constant supply of fresh air is required to 
avoid unconsciousness from oxygen depletion and carbon diox-
ide accumulation. Building ventilation systems assure that the air 
we breathe indoors is fresh and clean.

ProtectIon
The human body is attacked by a very large assortment of 
bacteria, viruses, and fungi. Our skin, respiratory system, 
and digestive tract offer a supportive environment for 
microorganisms. Some of these are helpful or at least benign, 
but some cause disease and discomfort. Our buildings 
provide facilities for washing food, dishes, skin, hair, and 
clothes to keep these other life forms under control. Poorly 
designed or maintained buildings can be breeding grounds 
for microorganisms. These are issues for both the design of 
building sanitary waste systems and indoor air quality.

See Chapter 13, “Interior Air Quality, Ventilation, and Moisture,” 
for more information on indoor air quality and ventilation systems.

Our buildings exclude disease‐carrying rodents and insects. 
Pests can spread typhus, yellow fever, malaria, sleeping sick-
ness, encephalitis, plague, and various parasites. Inadequate 
ventilation encourages tuberculosis and other respiratory 
diseases. Adequate ventilation carries away airborne bacteria 
and excess moisture. Sunlight entering the building dries and 
sterilizes our environment.

Our soft tissues, organs, and bones need protection from 
hard and sharp objects. Smooth floor surfaces prevent trips 
and ankle damage. Our buildings help us move up and down 
from different levels without danger of falling, and keep fire and 
hot objects away from our skin.

Interior designers must always be on the alert for aspects 
of a design that could cause harm from falling objects, explo-
sions, poisons, corrosive chemicals, harmful radiation, or electric 
shocks. By designing spaces with safe surfaces, even and obvious 
level changes, and appropriately specified materials, we protect 
the people who use our buildings. Our designs help prevent and 
suppress fires, and facilitate escape from burning buildings.

Buildings give us space to move, to work, and to play. Our 
residential designs support family life with places for the re-
production and rearing of children, preparing and sharing food 
with family and friends, studying, and communicating verbally, 
manually, and digitally. We provide spaces and facilities to pursue 
hobbies and to clean and repair the home. Our designs create 
opportunities to display and store belongings, and to work at 
home. The spaces we design may be closed and private at times, 
and open to the rest of the world at others. We design buildings 
that are secure from intrusion, and provide ways to communicate Figure 3.7 oxygen in air

78% Nitrogen

21% Oxygen

1% Other
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both within and beyond the building’s interior. We provide stair-
ways and mechanical means of conveyance from one level to 
another for people with varied levels of mobility. (See Figure 3.8)

For more information on stairs, see Chapter 5, “Floor/Ceiling 
Assemblies, Stairs, and Ramps.” See Chapter 19, “Conveyance 
Systems,” for information on elevators and wheelchair lifts.

Our designs also support all the social activities that oc-
cur outside of the home. We provide power to buildings so that 
workshops, warehouses, markets, offices, studios, barns, and 
laboratories can design, produce, and distribute goods. These 
workplaces require the same basic supports for life activities as 
our homes, plus accommodations for the tasks they house. We 
gather in groups to worship, exercise, play, entertain, govern, 
educate, and to study or observe objects of interest. These 
communal spaces are even more complex as they must satisfy 
the needs of many people at once.

HazarDouS materIalS
Much of the work of interior designers takes place in existing 
buildings. Repurposing or recycling demolition waste is a more 
sustainable alternative to sending it to a landfill. However, some 
materials require special handling.

renovation considerations
Existing buildings may contain materials that are hazardous to 
human health. Some of these can be exposed or disturbed dur-
ing demolition. Demolition work can reveal the remains of dead 
animals and insects within walls, attics, and other spaces. Mold 
is a common problem that can affect health in buildings where 
moisture accumulates.

Local regulations should be reviewed for proper handling 
of suspect demolition waste. The demolition area should be 
isolated from occupied areas of the building. This should 

include the heating, cooling, and ventilating ductwork and 
equipment. In addition, any areas containing dead animals 
should be isolated.

lead
lead is a neurotoxin that accumulates in the body and is espe-
cially damaging to fetuses, infants, and young children, causing 
learning disabilities, nausea, neurological damage, and death. 
Particles are suspended in the air or settle on surfaces. Chil-
dren ingest and inhale lead from paint chips through playing on 
floors and other dusty surfaces and then putting their hands in 
their mouths.

Lead‐based paint is found in three quarters of pre‐1975 US 
homes. (See Figure 3.9) Until 1985, pipes and solder contained 
lead; old pipes and solder should be replaced.

The 2010 Lead Renovation, Repair, and Painting Rule in the 
United States applies to all housing built in 1978 or earlier. All 
contractors performing renovations, repairs, or painting must 
be trained and certified to follow lead‐safe work practices, 
including containment of the work area, minimizing dust, and 
cleaning up thoroughly. The contractor must provide informa-
tion on lead‐safe practices to the property owner.

Interior designers should verify whether lead paint is present 
before beginning renovation work.

A professional licensed contractor should perform lead‐paint 
abatement. Occupants must be out of the building during the 
process, and workers must be properly protected. Lead paint 
should not be sanded or burned off. Moldings and other wood-
work should be replaced or chemically treated. Wood floors must 
be sealed or covered, belongings should be removed or cov-
ered, and dust should be contained during the process. The final 
cleanup should be done using a high‐efficiency particulate air 
(HepA) filter vacuum.

asbestos
Asbestos is found in many buildings built before the end of the 
1970s. It may have been combined with other materials, or used 
as a preservative for wood. The inhalation of asbestos fibers 
over a long period of time can cause cancer, fluid in the lungs, 
and asbestosis, a fibrous scarring of the lungs.

Figure 3.8 Movement 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, 
Interior Design Illustrated (3rd ed.), Wiley 2012, page 198

Figure 3.9 lead in homes (epA data)
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Asbestos is white, light gray, or light brown, and looks like 
coarse fabric or paper; it may appear as a dense, pulpy mass 
of light gray, stucco‐like material applied to ceilings, beams, and 
columns. (See Figure 3.10) Up until 1975, asbestos was widely 
used for steam pipe and duct insulation and in furnaces and fur-
nace parts. Before 1980, acoustic tiles, and fiber‐cement shingles 
and siding contained asbestos. Vinyl floor tiles made from the 
1940s to the 1980s may contain asbestos as may their adhesive. 
Asbestos fibers may still be found in existing construction, 
especially in the insulation on heating system components and 
other equipment, acoustic ceiling and vinyl floor tiles, and drywall 
joint‐finishing material and textured paint purchased before 1977.

Most asbestos can be left undisturbed as long as it does not 
emit fibers into the air. If it is not crumbling, it can be sealed with 
a special sealant and covered with sheet metal. If it remains in 
place, it must be dealt with later during renovation or demolition.

Disturbing asbestos material by drilling holes, hanging materials 
on walls or ceilings, causing abrasion, or removing ceiling tiles 
below asbestos‐containing materials should be avoided.

Wrapping can repair asbestos‐covered steam lines and 
boiler surfaces, but asbestos in walls and ceilings usually can-
not be repaired as it is difficult to keep airtight. It is possible to 
encapsulate asbestos by enclosing it in areas with low ceilings 
or small areas that are unlikely to be disturbed or damaged by 
water, or where the asbestos is unlikely to deteriorate. However, 
encapsulation may cost more than removal.

Removal is the only permanent solution, but if done improperly, 
can be more dangerous than leaving the asbestos in place. 
Removal must be done by a properly certified and licensed expert.

Areas from which asbestos is being removed must be isolated 
using airtight plastic containment barriers, and kept under nega-
tive pressure with special HEPA filtration. The work site should be 
inspected and its air quality tested after the work is done.

mold
Dampness in buildings supports the growth of bacteria, fungi in-
cluding mold, and insects. Dampness in buildings results from 
internal sources including leaking pipes or external sources 
like rainwater. It becomes a problem when materials such as 
rugs, walls, and ceiling tiles become wet for extended periods 
of time. Excessively high relative humidity and flooding can also 
produce dampness.

Research studies have shown that exposures to building 
dampness and mold have been associated with resp-
iratory symptoms, asthma, hypersensitivity pneumonitis, 
rhinosinusitis, bronchitis, and respiratory infections. Individuals 
with asthma or hypersensitivity pneumonitis may be at risk 
for progression to more severe disease if the relationship 
between illness and exposure to the damp building is not 
recognized and exposures continue. (National Institute for 
Occupational Safety and Health [NIOSH] Alert: Preventing 
Occupational Respiratory Disease from Exposures Caused 
by Dampness in Office Buildings, Schools, and Other 
Nonindustrial Buildings, DHHS [NIOSH] Publication No. 
2013‐102, November 2012)

See Chapter 13, “Indoor Air Quality, Ventilation, and Moisture 
Control,” for more information on mold.

BuIlDIng coDeS anD StanDarDS
Governments respond to concerns for safety by developing 
building codes, government mandated documents establishing 
minimum acceptable building practices. These codes dictate 
both the work of the interior designer and architect, and the 
manner in which the building’s mechanical, electrical, plumbing 
and other systems are designed and installed.

Standards set minimum requirements for an aspect of build-
ing design. Standards are developed by a recognized authority, 
usually by a consensus process with substantial external review 
and input. Codes often refer to standards.

Building codes
Codes define the minimum that society deems acceptable. Most 
of the codes in the United States are prescriptive codes, which 
mandate that something be done in a certain way. Prescriptive 
codes define the means and methods by which the code is to be 
carried out. performance codes are codes that state the ob-
jective that must be met, and may offer options for compliance.

Figure 3.10 Asbestos 
Source: “Anthophyllite asbestos SEM” courtesy of US Geological 
Survey (www.usgs.gov)

http://www.usgs.gov
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The jurisdiction of a project is determined by the location of 
the building. A jurisdiction is a geographical area that uses the 
same codes, standards, and regulations. A jurisdiction may be as 
small as a township or as large as an entire state. The authority 
having jurisdiction for a particular project location—for example, 
the building department or health department—enforces the code 
requirements; there may be several authorities for a single project.

Most jurisdictions have strict requirements as to who can de-
sign a project and what types of drawings are required. Often, 
drawings must be stamped by a licensed architect or licensed en-
gineer registered within the state. In some cases, interior design-
ers are not permitted to be in charge of a project, and may have 
to work as part of an architect’s team. Some states may allow 
registered interior designers to stamp drawings for projects in 
buildings with limited numbers of stories and square feet. Work-
ing out the proper relationships with the architects and engineers 
on your team is critical to meeting the code requirements.

The ICC International Performance Code for Buildings and 
Facilities (IPC) is a model building code that attempts to unify 
code requirements across geographic barriers. Introduced by 
the International Codes Council (ICC) in 2002, the IPC has been 
adopted statewide or in some localities in all US states.

Some states have statewide codes based on a model 
code, while others have local codes, and sometimes both 
state and local codes cover an area. Not every jurisdiction 
updates its codes on a regular basis, which means that in a 
particular jurisdiction, the code cited may not be the most 
current edition of that code. When codes are changed, one 
or more yearly addenda are published with the changes, and 
incorporated in the body of the code when the next full edition 
of the code is published.

The interior designer must check with the local jurisdiction for 
which codes to follow. Professional organizations and govern-
ment agencies offer continuing education programs when major 
code changes are introduced.

In addition to the basic building code, jurisdictions issue plumb-
ing, mechanical, and electrical codes. On projects with a major 
amount of plumbing or mechanical work, registered engineers will 
take responsibility for design and code issues. On smaller projects, 
a licensed plumber or mechanical contractor will know the codes.

Interior designers are not generally required to know or to 
research most plumbing or mechanical code issues. However, 
the interior designer needs to be aware of some plumbing and 
mechanical requirements, such as how to determine the num-
ber of required plumbing fixtures.

coDe offIcIalS
The codes department is the local government agency that en-
forces the codes within a jurisdiction. A code official is an em-
ployee of the codes department with authority to interpret and 
enforce codes, standards, and regulations within that jurisdiction.

The plans examiner is a code official who checks plans and 
construction drawings at both the preliminary and final permit 
review stages of the project. The plans examiner checks for 
code and standards compliance, and works most closely with 
the designer.

The fire marshal usually represents the local fire depart-
ment. The fire marshal checks drawings with the plans exam-
iner during preliminary and final reviews, looking for fire code 
compliance.

The building inspector visits the project job site after the 
building permit is issued, and makes sure all construction com-
plies with the codes as specified in the construction drawings 
and in code publications.

Standards and organizations

Codes cite standards developed by government agencies, trade 
associations and standard‐writing organizations as references. 
A standard may consist of a definition, recommended practice, 
test method, classification, or required specification.

The nonprofit national Fire protection Association 
(nFpA) was formed in 1896 to reduce the burden of fire and 
other hazards on the quality of life by providing and advocating 
codes and standards, research, training, and education. The 
NFPA develops and publishes more than 300 standards intend-
ed to minimize the possibility and effects of fire and other risks. 
NFPA 101® Life Safety Code® and NFPA 70: National Electric 
Code® are both NFPA publications that provide guidelines for 
fire safety. The NFPA establishes testing requirements covering 
everything from textiles to firefighting equipment to the design 
of means of egress.

The American national Standards institute (AnSi) origi-
nated in 1918, and strives to assure the safety and health of 
consumers and the protection of the environment. The Institute 
oversees the creation, promulgation, and use of thousands of 
norms and guidelines that directly impact businesses in nearly 
every sector, including acoustical devices, construction equip-
ment, energy distribution, and many more.

ASTM international, formerly known as the American So-
ciety for Testing and Materials (ASTM), dates to 1898. ASTM 
International develops over 12,000 ASTM voluntary consensus 
standards used around the world to improve product quality, 
enhance safety, facilitate market access and trade, and build 
consumer confidence.

ASHRAE®, formerly known as the American Society of 
Heating, Refrigeration, and Air‐Conditioning Engineers (ASHRAE), 
was formed in 1959 to sponsor research projects and to de-
velop performance level standards for HVAC and refrigeration 
systems. Mechanical engineers and refrigeration specialists and 
installers use ASHRAE standards. ANSI/ASHRAE/IES Standard 
90.1—Energy Standard for Buildings Except Low‐Rise Residential 
Buildings provides minimum requirements for energy efficient 
designs for commercial and multi‐story residential buildings. It is 
frequently updated to respond to new technologies.
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ul, formerly Underwriters Laboratories (UL), is a global 
independent safety science company working since 1894 to in-
novate safety solutions from the public adoption of electricity 
to new breakthroughs in sustainability, renewable energy, and 
nanotechnology. Dedicated to promoting safe living and work-
ing environments, UL helps safeguard people, products, and 
places. The organization certifies, validates, tests, inspects, 
audits, and advises and trains users of products, systems, and 
materials. UL lists all the products it tests and approves in prod-
uct directories.

Interior designers may find UL’s Building Materials, Fire 
Protection Equipment, and Fire Resistance directories useful. 
Codes require UL testing and approval for certain products. UL 
tags appear on many household appliances as well as lighting 
and other electrical fixtures. (See Figure 3.11)

federal codes and regulations
The federal government regulates the building of federal facili-
ties, including federal buildings, Veterans Administration hospi-
tals, and military establishments. The construction of federal 
buildings is typically not subject to state or local building codes 
and regulations. The federal government issues regulations 
for government built and owned buildings, similar to the model 
codes. On a particular project, the authorities involved may 
opt to comply with stricter local requirements, so the designer 
must verify what codes apply.

There are over one thousand separate codes and a wide 
variety of federal regulations. In an effort to limit federal regula-
tion, the Consumer Product Safety Commission encourages in-
dustry self‐regulation and standardization, and industry groups 
have formed hundreds of standards writing organizations and 
trade associations representing almost every industry.

Congress can pass laws that supersede all other state and local 
codes and standards. They are collected in the Code of Federal 
Regulations, which is revised annually. The Occupational Safety 
and Health Act (OSHA), Fair Housing Act (FHA), and Americans with 
Disabilities Act (ADA) are examples of congressionally passed laws 
with wide implications for interior designers and architects.

oSHa
The occupational Safety and Health Administration 
(oSHA) was established in 1970 to assure safe and healthful 
working conditions for working men and women by setting and 

Figure 3.11 ul label

enforcing standards and by providing training, outreach, edu-
cation, and assistance. OSHA adds to code requirements by 
regulating the design of buildings and interior projects where 
people are employed. Contractors and subcontractors on con-
struction projects must strictly adhere to OSHA requirements. 
Interior designers should be aware that these regulations exist 
and affect the process of building construction and installation 
of equipment and furnishings.

amerIcanS WItH DISaBIlItIeS act
The term accessible in building codes refers to handicapped 
accessibility as required by codes, the Americans with Dis-
abilities Act (AdA), and other accessibility standards. The 
Departments of Justice and Transportation developed the provi-
sions of the ADA, which was passed by Congress in 1990. In ad-
dition, some states also have their own accessibility standards.

The ADA is a comprehensive civil rights law with four sections. 
Title I protects individuals with disabilities in employment. Title II 
covers state and local government services and public transpor-
tation. Title III covers all public accommodations, defined as any 
facility that offers food or services to the public. It also applies to 
commercial facilities, which are non-residential buildings that do 
business but are not open to the general public. Title IV deals with 
telecommunications services, and requires telephone companies 
to provide telecommunications relay services for individuals with 
hearing and speech impairments.

We will be referring to ADA provisions throughout this book. 
ADA Titles III and IV affect the work of interior designers most 
directly.

The regulations included in Title III have been incorporated 
into the 2010 AdA Standards for Accessible design, which 
gives helpful information on interpretation and compliance. (See 
Figure 3.12) The ADA deals with architectural concerns such as 
accessible routes and the design of restrooms for wheelchair 
access. Communication issues covered include alarms systems 
and signage for people with vision and hearing impairments.

All new buildings with public accommodations and/or com-
mercial facilities must conform to specific ADA requirements. 
This includes a wide range of project types, including lodging, 
restaurants, hotels, and theaters. Shopping centers and malls, 
retail stores, banks, places of public assembly, museums, and 
galleries are also covered. Libraries, private schools, day-care 
centers, and professional offices are all included. State and 
local government buildings and one‐ and two‐family dwellings 
are not required to conform.

ADA requirements are most stringent for new buildings or 
additions to existing buildings. The requirements are not as clear 
concerning renovation of existing buildings and interiors. When 
an existing building is renovated, specific areas of the building 
must be altered to conform to ADA requirements. These altera-
tions are limited to those deemed readily achievable in terms of 
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Introduced in 1998 by the international Code Council, the 
international energy conservation code (iecc) addresses 
energy efficiency, including cost savings, reduced energy us-
age, conservation of natural resources, and the impact of en-
ergy usage on the environment. In addition, some states have 
their own energy codes. These codes cover virtually every 
building system, including lighting and electrical distribution.

The most generally used standard for commercial and in-
stitutional buildings in the United States is ANSI/ASHRAE/IES 
Standard 90.1—Energy Standard for Buildings Except 
Low‐Rise Residential Buildings This standard provides the 
minimum requirements for energy‐efficient design of most non-
residential buildings. It offers the minimum energy‐efficient 
requirements for design and construction of all or portions of 
new buildings and their systems, and new systems and equip-
ment in existing buildings as well as compliance criteria. It is an 
indispensable reference for engineers and other professionals 
involved in the design of buildings and building systems.

Codes and standards for residential energy efficiency in-
clude the International Energy Code and ANSI/ASHRAE Stan-
dard 90.2—Energy Efficient Design of Low Rise Buildings. 
These residential energy requirements focus on minimum re-
quirements for the building envelope (walls, floors, roofs, doors, 
windows) and mechanical equipment performance for heating, 
cooling, and domestic hot water.

The 2012 international residential code (irc) incor-
porated the residential provisions of the International Energy 
Conservation Code into its sections on energy efficiency. This 
divides the United States and Canada into eight climatic zones 
designated by state, province, county, and territory, with many 
code requirements specific to these zones. These include re-
quirements for windows, exterior doors, and insulation.

Chapters 1 through 3 have introduced the environmental 
and governmental criteria that affect the design of buildings. In 
Part II, “Building Components,” we see how the building’s form 
and structure, interior architectural elements, and windows and 
doors support, protect, and shape its interior spaces.

structure and cost. Exemptions may be made for undue burden 
as a result of the difficulty or expense of an alteration. These situ-
ations are determined on a case‐by‐case basis by regulatory au-
thorities or the courts, and often involve difficult judgment calls.

energy efficiency requirements
Energy efficiency requirements mandate the minimum perfor-
mance that is considered acceptable, rather than an optimal 
performance level.

Figure 3.12 2010 AdA Standards for Accessible design 
Source: Reproduction of this document is encouraged by ADA
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Part

II
Building Components

Although the work of interior designers is concerned with interior spaces, interior 
designers benefit from an understanding of the way buildings are built, why they 
stand up or fall down, and how different building techniques affect the shaping and 
utilization of interior space.

Part II, Building Components, comprises three chapters:

Chapter 4, “Building Forms, Structural Principles, and Elements,” looks at how 
the building’s form interacts with site conditions, affects building energy use, 
and meets the needs of its occupants.

Chapter 5, “Floor/Ceiling Assemblies, Walls, and Stairs,” introduces the floor 
systems that provide horizontal support, and the wall systems, stairs, and ramps 
that give vertical support and facilitate movement.

Chapter 6, “Windows and Doors,” addresses how windows and skylights control 
thermal radiation, offer daylight and views, and sometimes provide ventilation, 
and how doors admit entry and help control fire.

As in Part I, there are multiple interconnections between the topics presented.

Almost every component of a building serves more than one function, 
with some components commonly serving ten or more simultaneously, 
and these functions are heavily interdependent. For example, if we 
decide to build the partitions in a school building of thin sheets of 
gypsum wallboard over a framework of steel studs, instead of bricks 
and mortar, we will affect the thermal properties of the building, its 
acoustical qualities, the quality and quantity of light in the classrooms, 
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how the piping and wiring are installed, the usefulness of the wall 
surfaces, the deadweight that the structure of the building must 
support, the fire resistance of the building, which trades will construct 
it, and how it will be maintained. (Edward Allen, How Buildings Work 
(3rd ed.), Oxford University Press 2005, page 31)
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4
Building Forms, Structures,  

and Elements 

A building gives expression to its architectural form through its 
structural elements. The form, in turn, affects how a building re-
acts to the conditions of its site. These reactions shape the way 
that building systems use energy to meet the needs of occupants. 
This is especially true of buildings that use passive systems.

Chapter 4 looks at building forms and structural systems, 
introduces the basics of building structural loads and the ele-
ments that carry them, and surveys the basic types of building 
structures.

IntroductIon
The building’s structure provides support to the building and 
makes adjustments to movement. It is designed to withstand 
fire and aid in its containment. Building structures can be de-
signed to control thermal radiation, air temperature, the thermal 
qualities of surfaces, humidity, and airflow. How the structure 
is designed affects visual and acoustic privacy, and the entry of 
living creatures and materials.

We must configure every building in such a way that it 
will support its own dead load plus a live load equal to 
the worst combined total of people, furnishings, snow, 
wind, and earthquake that may reasonably be expected. 
(Edward Allen, How Buildings Work (3rd ed.), Oxford 
University Press 2005, page 172)

The building’s architects and engineers must estimate the 
magnitude of these loads. They must select a structural system 
appropriate to the site, the uses of the building, and the expected 

loads. This process involves determining the exact configurations 
and necessary strengths and sizes of components of the struc-
tural system, including all fastening devices used to hold larger 
components together.

History

Early buildings were built of perishable materials such as branches 
and animal hides. These were succeeded by more durable stone, 
clay, wood, and eventually manmade materials.

Buildings became higher and capable of spanning greater 
distances over time. Stronger materials and greater knowledge 
of building materials aided this process.

Most of the less durable early buildings did not make it into 
the archeological record. Some stone buildings such as those 
at Skara Brae in Scotland’s Orkney Islands (occupied around 
3180 to 2500 bce) survived to provide evidence of their con-
struction today.

HIStorIc PrESErvatIon
Many interior design projects are in existing buildings. Some proj-
ects involve minimal changes in use and layout, while others re-
quire extensive demolition and rebuilding. Buildings with historic 
value deserve special attention and care.

The federal government sets standards to assure that fed-
erally funded work does not adversely affect buildings that are 
either on or eligible for the National Register of Historic Places 
(NRHP). State and local governments and many private organi-
zations also use these standards. These standards are man-
datory only when federal funding or other preservation related 
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funding incentives are used; otherwise, the property owner is 
only required to meet applicable codes and zoning ordinances.

BuIldIng Form
Building form affects the design of building systems and the 
amount of energy they use. As Chapter 2 indicates, engineers 
designate some buildings as internal load dominated and others 
as skin load dominated.

The enclosures of thick, tall buildings keep most of their 
interior space away from climatic influences. Heat‐producing 
electric lighting added to the heat generated by the occupants 
and their equipment create internal load dominated buildings 
that require mechanical cooling through all seasons.

Thinner buildings need heating in cold weather and cooling in 
hot weather to counter the effects of the weather on the building 
envelope. Daylight is able to reach a skin load dominated build-
ing’s center, making electric lighting mostly unnecessary by day.

In the Northern Hemisphere, the sun is welcomed into the 
building for heat through glazed openings on the south wall of 
the building. The amount of large areas of cold glass may need 
to be limited to retain as much heat and daylight as possible. The 
building’s designers may find themselves looking for surplus heat 
elsewhere in the building to warm colder perimeter spaces.

Structural SyStEm
The structural system of a building is designed and 
constructed to support the loads applied to the building, and 
to transmit them safely to the ground without damage to the 
building. The components of the building structure protect the 
building’s occupants and contents. Some structural systems, 
such as heavy timber structures, are based on a single material. 
Others combine more than one material; structural steel 
framed buildings often have horizontal steel beams and vertical 
steel columns, along with horizontal floor planes of steel and 
concrete. A building may have more than one structural system, 
as when a concrete foundation supports a light wood framed 
superstructure. (See Figure 4.1) In other cases, what appears 
to be the structural material, such as brick, is actually only an 
exterior facing material, with the real structural load carried 
by a concrete structural system.

The underground part of the building is in direct contact with 
soil, rock, and groundwater. The above-ground superstructure 
is affected by wind, rain or snow, and sun. The design of build-
ings can blend into or shut out environmental conditions, and 
these design choices have a direct impact on our world.

The building’s vertical extension above ground is called its 
superstructure, and includes the columns, beams, and load‐
bearing walls that support its floors and roof structures. The 
building’s superstructure rests on its foundation.

The foundation, in turn, is supported by the earth below and 
surrounding it. Soil conditions, the presence of water below the 
surface, and the characteristics of bedrock below are all taken 
into account in the design of the foundation.

Foundations
The building rests on a foundation made of concrete, concrete 
block, or stone that supports the floor structure and anchors 
the rest of the building. A foundation may be deep enough for 
a basement, only leave room for a crawl space, or consist of a 
slab‐on‐grade set directly on the ground.

A foundation consisting of a grid of piers or poles can be 
used to elevate the building’s superstructure well above ground 
level to prevent damage from flooding, to accommodate a 
steeply sloping site, or to allow cooling air to circulate below 
the building.

Foundations also serve to keep the rest of the building 
above wet earth and to keep water out of the building. Although 
the soil surrounding the foundation will help to hold building 
heat in, foundations are often given an exterior layer of insu-
lation as well. Although architects and engineers take great 
pains to provide a stable base for the building’s foundation, it 
is considered normal for the structure of a building to settle 
slightly, gradually subsiding as the soil below compacts under 
the building’s loads.

Figure 4.1 Superstructure and foundation 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Francis D.K. Wiley 2012, page 8
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At the base of the foundation, footings spread the load over 
a wider area. (See Figure 4.2) Some buildings on unsuitable 
or unstable soil require especially deep foundations. Pile and 
caisson foundations rest on layers of rock or on dense sands 
and gravels farther below the surface.

Foundation walls are usually made of concrete or of concrete 
masonry units, although older buildings may have stone foundations. 
Concrete foundation walls are cast‐in‐place within forms. (See 
Figure 4.3) They have fewer joints that could admit groundwater than 
CMU walls. Concrete masonry units (CMUs) are small units 8" 
(203 mm) high and wide, and 16" (457 mm) in length. They can be 
handled easily and do not require formwork.

SlaBS‐on‐gradE
A concrete slab‐on‐grade is supported directly on the earth, 
and made thick enough to carry the wall and column loads for 
a one or two‐story building. A concrete slab can conduct heat 
well, so the temperature at the outside edge of the slab may 

be significantly lower than the interior ambient air temperature 
when the slab is covered with carpet on a foam pad.

The lower perimeter temperature of a concrete slab can result 
in interior condensation and moisture problems as a result of 
thermal transfer, rather than foundation leaks.

Unless the building is closed and air conditioned or dehumidi-
fied, moisture is likely to condense on top of a cool slab in humid 
weather. A thick drainage layer of crushed rock under the slab 
keeps water from building up. A continuous membrane between 
the crushed rock and the slab will block water vapor migration 
through the slab.

It is best not to insulate the inside of a foundation wall, as 
this defeats the benefit of its thermal mass. Instead, the earth 
side of the foundation wall should be insulated all the way down 
to the footing.

FoundatIon Wall SyStEmS
Insulating concrete form (ICF) systems comprise preformed 
blocks or panels with plastic ties that are designed primarily for 
use below grade. They are cast as formwork for concrete and 
steel reinforcing rods, and remain in place as insulation.

Structural insulated panels (SIPs) are sandwiched pre-
fabricated panels that are quickly connected with splice plates 
(and without thermal bridges). They allow much less infiltration 
than standard construction. The facing boards of their stressed 
skin construction carry most of the structural load.

BaSEmEntS
Basement walls are typically foundations walls, and may be 
partly above and partly below grade. Basement floors are 
typically concrete slabs.

Basements remain within a narrow temperature range all year. 
The greatest problem for basements and other earth‐sheltered 
building components is keeping water out.

The depth of the basement affects how much heat will flow 
through basement walls and floors. With insulation, heat loss 
can be reduced significantly.

craWl SPacES
A crawl space is created under the superstructure by a con-
tinuous foundation wall or piers. A crawl space may be literally 
that, and be too low to stand or even sit. Crawl spaces give ac-
cess to electrical, plumbing, and mechanical equipment.

Crawl spaces should be ventilated to deal with moisture that 
may migrate from the interior and from the ground. When moisture 
disperses into a crawl space, it can produce mold and mildew.

BuIldIng loadS
The term building load refers to any of the forces to which a 
structure is subjected. The weight of the building materials is 
part of the building load, as are any furnishings or equipment 

Figure 4.2 Footings spread load

Building load

Soil pressure

Figure 4.3 Cast‐in‐place concrete foundation
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inside the building. Building loads also take into account people 
and things that move into and out of the building. In addition, 
building structures are designed to accommodate winds (in-
cluding storms), the weight of accumulated snow, and seismic 
forces (earthquakes).

types of Building loads
Dead loads are static loads acting vertically downward on a 
structure, including the weight of the structure itself and the 
weight of building elements, fixtures, and equipment perma-
nently attached to it.

Static loads are applied slowly and steadily to a structure 
until reaching their maximum. A structure responds slowly to 
a static load and is affected the most when the static force is 
at its greatest. Static loads include the weight of the structure 
itself, the weight of building elements, fixtures, and equipment 
permanently attached to it, and movable or moving live loads.

Live loads change over time, but generally do so gradually. 
They include the weight of the building’s occupants, any mobile 
equipment and furnishings, and any collected snow and water.

Dynamic loads are applied suddenly to a structure, often 
with rapid changes in the size of the force and the point to which 
it is applied. Earthquakes and the loads caused by winds are 
examples of dynamic loads.

compression, deflection, and tension
Building structures are subject to forces that produce compression, 
deflection, and tension. (See Figure 4.4)

Compression is the shortening or pushing together of a 
material resulting in a reduction in its size or volume. For ex-
ample, if you press down on a firm cushion, the material inside 

is squeezed together. This squeezing may cause the shape of 
the cushion to deform, and stretch the covering fabric in some 
places while causing it to squish together in others.

The perpendicular distance a beam is bent down when a 
load is placed on it is called deflection. Deflection increases as 
the load becomes heavier and the span becomes longer. When 
a beam deflects under a load, the beam’s material under the 
load at the top of the beam gets compressed. At the same time, 
the material at the bottom of the load is pulled apart.

Tension is the reaction of a material to stresses stretching 
or pulling on a material along the direction of its length. A beam 
that bends and deflects is subject to an internal combination 
of compressive and tensile (pulling) stresses. An interesting 
effect of this is that the material that lies between the com-
pressed and stretched areas is subject to relatively little stress. 
This is why steel beams, for instance, can be designed with a 
wide top and bottom and a narrow middle where there is little 
work to do.

Spanning openings
Structural loads are transferred through the building’s structur-
al system to the ground. Loads are transferred across openings 
by systems of beams and columns.

There are quite a few ways to carry a building load across an 
opening, including beams, trusses, lintels, arches, and corbels. 
Vaults and domes cover an area with a three‐dimensional 
structure. Cantilevers reach out over a space with support at 
only one end.

BEamS
In a beam—a horizontal structural member that is longer than 
it is wide or deep—compression may cause the beam to bend 
downward. The distance between the beam’s supports is called 
its span. If the beam’s load is applied at the center of a beam 
that is supported at both ends, the center will bend down from 
the horizontal.

Wood beams have a long history, although most have 
not lasted a long time. The pagoda of the Horyu‐ji in Ikaruga, 
Nara Prefecture, Japan is an exception. Constructed in 607 
ce, it is widely considered to be one of the oldest existing 
wooden buildings in the world. The original building was prob-
ably destroyed by lightning and burned to the ground. It was 
reconstructed around 711, and repaired and reassembled in 
the twelfth century, in 1374, and in 1603, and restored in 
1954, preserving 15 to 20 percent of the original seventh 
century materials.

There is a variety of types of wood beams. (See Figure 4.5) 
Beams cut from large trees are used in heavy timber construc-
tion. Light wood frame construction uses dimensional lum-
ber beams that are uniformly cut and designed to carry loads 
across specific spans. Spaced beams are made with blocking 
and open spaces to keep weight light. Laminated beams are 
made from pieces of wood glued together; they can be very 
strong. There are also a number of types of built‐up beams.Figure 4.4 Compression, deflection, tension
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Stone beams are good in compression but relatively poor in 
tension. (See Figure 4.6) They are also very heavy, and limited 
to shorter spans than steel beams.

Steel beams are strong and good in both tension and 
compression. (See Figure 4.7) They are also relatively easy to 
assemble into grid patterns with steel columns, making it possible 
to create interiors with large open spaces.

Reinforced concrete beams incorporate lengthwise and 
web steel reinforcement. (See Figure 4.8) They are almost al-
ways formed as part of the slab they support.

truSSES
Another way to span an opening is a truss. (See Figure 4.9) A 
truss could be thought of as a type of built‐up beam that utilizes 
the inherent stability of a triangle to spread and support a load. 
Unlike a beam with its combination of tension and compression, 
in a truss all the structural members are in tension.

Some trusses look like big triangles with smaller triangles 
inside. Others are rectilinear—or even curved on top—but still 
made up of smaller triangles.

Steel trusses are composed of structural steel angles and 
tees bolted or welded together into a triangle‐based framework. 
Steel trusses can take on many angled, curved, flat, and trian-
gular forms.

Laminated wood trusses are made up of smaller pieces of 
wood glued together into large trusses. Laminated wood truss-
es can be designed to be stronger than solid wood trusses, and 
are easier to shape into curves.

lIntElS, arcHES, and corBElS
Openings weaken the structure of a rigid wall. Building a lintel 
or arch above a door or window opening supports the load and 

Figure 4.5 Wood beam types 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 4.35
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Figure 4.6 Stone beams and column, Pemberton Mill, 
Lawrence, Massachusetts, 1967 
Source: Library of Congress Prints and Photographs, HABS, 
Robert M. Vogel, Photographer

Figure 4.7 Steel beam shapes
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Figure 4.8 Reinforced concrete beam 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 4.04
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Figure 4.9 Truss
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carries compressive forces around the opening to the wall on 
either side.

A lintel is a linear horizontal structural member placed over a 
door or window to transfer the load around the window opening. 
(See Figure 4.10) Concrete lintels are often used in stone, brick, 
or other masonry construction. They usually contain steel rein-
forcing to improve their tensile strength. Wood lintels are called 
headers, and are often made stronger by doubling up standard 
wood dimension lumber that is cut to specified widths.

Arches, like columns, are structural members that are fre-
quently used decoratively and expressively. (See Figure 4.11) 
Many historic architectural styles have their own definitive type 

of arch. Some arches are able to stand alone because they 
transfer the load in both directions from each part of the arch.

An arch uses a curved structure to span an opening. Arches 
are designed to support a vertical load mostly by compression 
along its axis and to transfer the load to load‐bearing surfac-
es adjacent to the two sides of the arch. Masonry arches are 
constructed of individual wedge‐shaped stones or bricks. Rigid 
arches of curved, rigid timber, steel, or reinforced concrete 
have additional ability to carry some bending stress.

A Roman arch is semicircular. (See Figure 4.12) Each of the 
stones in the arch (voissoirs) presses against its neighbor, and 
the keystone at the top holds them all in place.

Corbels consist of masonry units stacked with each row ex-
tending past the row below. (See Figure 4.13) They are held in place 
by the weight of the construction on top of them. A corbelled arch 
is made from masonry units such as bricks or stone blocks, with 
each row extending from the side of the opening farther into the 
opening; the opening gets smaller as it becomes higher. Corbels 
are not able to stand alone; they depend on the weight of masonry 
above the extending units to keep them from falling into the arch. 
Corbels are generally inferior to arches for spanning openings.

Figure 4.10 Lintel transferring load around opening 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 2.17

Figure  4.11 Masonry arch, Shaker Church Family 
Dwelling House, Enfield, New Hampshire 
Source: Library of Congress Prints and Photographs Division, 
Aubrey P. Janion, photographer, 1959

Figure 4.12 Roman arch

Figure 4.13 Corbelled arch
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vaultS
The ceiling over a hall or room can be spanned by a vault, which 
is an arched structure of stone, brick, or reinforced concrete. 
A vault functions like a three‐dimensional arch. The supporting 
walls along the length of a vault are buttressed against outward 
stresses, like the sides of an arch.

A barrel vault is essentially a series of Roman arches lined 
up along an axis. (See Figure 4.14) It is semicircular in cross 
section.

Groin (cross) vaults are formed by the perpendicular 
intersection of two vaults, creating the appearance of two 
arches intersecting diagonally. (See Figure 4.15) When the 
arches are elaborately curved, the vault takes on an ornate 
three‐dimensional form.

domES
Domes span circular openings with a spherical surface struc-
ture consisting of stacked blocks, reinforced concrete, or short 
linear elements as in a geodesic dome. (See Figure 4.16) One 
way to visualize a dome is as an arch spun on its vertical axis. 
Domes can cover large open interior spaces. They are support-
ed by bearing walls, columns and arches, or piers.

cantIlEvErS
It is possible to support a horizontal structure from one end 
only, with the structure extending out past the support; this is 
called a cantilever. (See Figure 4.17) The weight of the canti-
levered structure and any load on it is transferred back to the 
supporting wall. A simple example of a cantilever is a diving 
board. Balconies and overhangs are often cantilevers.

vertical Supports
Some of the vertical structural members available for use in 
buildings include columns, pilasters, piers, posts, and piles.

columnS
Compression and tension both occur in a column—a vertical 
structural member that is longer than it is wide or deep. When a 
load is placed on top of a column, the material in the column will 
be compressed. Sometimes the load is great enough to com-
press the column until its material crumbles; this can happen to 
stone columns. (See Figure 4.18) With other materials, the col-
umn will bend (deflect) along its length, much like a beam would. 
One side of the deflected area will be in tension and the other in 
compression. Thin wood columns tend to fail in this way.

The goal in designing with columns and beams is to carry 
the load safely to the ground. A load on a beam will be trans-
ferred to the support (column) at each end, so that each column 
carries only half the load. The columns then carry the load down 
to the ground. Well‐designed and properly loaded columns and 
beams will deflect only within very well‐defined parameters; 
they are designed to withstand loads greater than those antici-
pated in normal use.

Figure 4.14 Barrel vault

Figure 4.15 Groin vault

Figure 4.16 Interior of dome, Hudson County Courthouse, 
Jersey City, New Jersey 
Source: Library of Congress Prints and Photographs Division

Figure 4.17 Cantilevers

Cantilever
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Wood columns may be either solid wood or built out of 
wood pieces solidly glue‐laminated or mechanically fastened 
together. Spaced wood columns are made of multiple structural 
members with blocking and spaces inside. When a wood column 
fails under a compression load, it is because the wood fibers are 
crushed. Slender wood columns also fail by buckling.

Masonry columns and pilasters are made up of small, usually 
uniform units that are strong in compression. The bricks or blocks 
are stacked up nominally a minimum of 12" (305 mm) in both width 
and length, and a maximum of thirty times as long as they are wide. 
A row of columns connected by arches is called a colonnade.

A pilaster looks like a column protruding from a wall; it may 
stick out on one or both sides. (See Figure 4.19) The pilaster 
buttresses the wall, making it stronger and less likely to fall over 
when lateral forces are applied.

Stone columns can be carved from a single giant block 
of stone or built of large blocks stacked one upon another. 
They rely almost entirely on compression to carry a load to 
the ground. Stone columns with stone beams are laid out close 
together. For example, the classic Egyptian column was often 
assembled in a densely packed hypostyle hall.

The reinforcing in concrete columns helps resist applied 
forces. Concrete columns are laid out on a regular grid in order 
to facilitate the economical forming of beams and slabs. The 
columns are designed as continuous units from the foundation 
to their tops. When used with a grid of steel or timber beams, 
concrete columns are connected to the other components with 
steel connectors.

Precast concrete columns made in factories are used 
with precast beams to form structural assemblies. The joints 
between precast columns and beams are not usually rigid, and 
they are normally assembled with shear walls.

Steel columns may be placed in front of, within, or behind 
the exterior wall plane of the building. Steel columns are most 

commonly made in the wide‐flange or W shape, but are also 
available as round pipes and square or rectangular tubes. Some 
concrete columns have structural steel columns inside.

PIllarS and PoStS
Pillars and posts are linear vertical structural members much like 
columns. They may function like columns to carry a building load 
to the ground. Pillars can also be free-standing as monuments. 
The term post is often used for wood columns made from a single 
tree trunk. Shorter wood or metal vertical pieces used in fences 
and other construction are also called posts.

Figure 4.18 Buckling column 
Source: Redrawn from Buckled column.png by Peter Schwartz on 
Wikimedia Commons, released to public domain
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Figure 4.19 Pilasters, county courthouse, Springfield, Ohio 
Source: Wikimedia Commons, Architecture_pilasters.jpg, photographer 
Derek Jensen, 2005, released to public domain
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load‐BEarIng WallS
A load‐bearing wall is one designed to spread a load over its 
entire surface. In the case of a structural building frame, filling 
the opening with a load‐bearing wall makes the area that carries 
the compressive forces to the ground much greater.

More information on load‐bearing walls is found in Chapter 5, 
“Floor/Ceiling Assemblies, Walls, and Stairs.”

lateral Forces
If you support the ends of a simple beam on two columns, and 
then push one of the columns from the side, it will all tend to 
topple over. This structural arrangement does not resist lateral 
(perpendicular to the direction of the support) forces very well. 
The situation can be improved by bracing the corners where the 
columns meet the beam.

Lateral stability is the ability of a structure to resist lateral 
forces without sliding, overturning, buckling, or collapsing. (See 
Figure 4.20) Lateral support can be added to a frame to support 
building surfaces, collect surface loads, and conduct them to col-
umns or bearing walls. The frame then carries the vertical loads 
and transfers them to the earth via the building’s foundations. 
This can be accomplished by using rigid joints, diagonal bracing, 
or shear panels. In addition, floor and roof planes add lateral 
stability, acting like very deep horizontal beams.

In our beam and columns example, corner bracing will make 
the columns and beam into a rigid frame. Imagine a picture 
frame without a picture in it; the frame can easily shift out of 
alignment. When you put a stiff rectangular piece of cardboard 
in the frame, it will regain its right‐angle corners. The flat surface 
of the cardboard will also help to spread the stresses evenly and 
help to keep the frame straight.

ButtrESSES
A wall will be strongest along the direction of its surface. If 
the load is perpendicular to the plane of the wall, the wall will 
need extra support for lateral stability. This support can be 
provided by buttressing the wall with pilasters, adding cross 
walls or transverse rigid frames, or inserting horizontal slabs 

between pairs of walls. A buttress is a thickening in a wall that 
provides additional structural support. It may be a relatively 
simple pilaster, a heavy exterior buttress, or a more complex 
flying buttress. All of these serve to increase the area that helps 
to carry the load, and to resist lateral forces.

croSS WallS
Another way to accommodate lateral loads is by locating other 
walls—cross walls—perpendicular to the bearing wall. These 
walls become part of the building’s structural system and are 
necessary to the building’s stability. Even if they are not carrying 
loads from above, they help the load‐bearing walls do their work.

Lateral stability can also be increased by building pairs of 
walls connected by horizontal slabs. The slabs help to even out 
the load between the walls and resist sideways forces.

Shearing Forces
A shearing force describes what happens when two parallel 
surfaces move in opposite directions. (See Figure 4.21) This is 
why scissors are called shears: the parallel blades move past 
each other.

A shear wall is a wood, concrete, or masonry wall that 
transfers a load to the foundation and resists changes in shape. 
Shear walls are designed to deal with shearing forces. In our 
earlier example, the rigid cardboard in the picture frame acted 
as a shear wall, to keep the frame’s corners at right angles.

Figure 4.20 Lateral stability
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Figure 4.21 Shear
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tWIStIng ForcES
A braced frame is composed of timber or steel with diagonal 
bracing members. The diagonal members pick up the loads that 
would otherwise twist the frame, and prevent the corners from 
moving closer together or farther apart. Diagonal bracing mem-
bers can save both materials and weight as compared to sheets 
that fill the entire frame.

As a building becomes taller and thinner, it is more likely to 
twist or sway. High‐rise buildings require added bracing with 
diagonal bracing and/or a rigid core. Many high‐rise buildings 
employ tube structures, consisting of bracing systems at the 
perimeter of the building connected by rigid floor planes.

grid Frameworks
Large and complex structural forms can be made of smaller 
structural units. Linear column and beam frameworks create a 
grid that can be added to both horizontally and vertically with 
ease. Within that framework, designers are free to add non‐
bearing walls that do not follow the grid.

A structural grid creates regular open spaces between 
structural elements. Interior designers are then free to design 
non‐bearing partitions of varying heights and configurations to 
shape the interior space.

Structural grids can be modified by adding additional col-
umns or by eliminating supporting elements. In the latter case, 
the support for the load must be transferred away from the 
missing column.

Removing a column may be a complex process, and an interior 
designer should consult an architect or structural engineer be-
fore removing existing structural elements.

Service cores
In most multi‐story buildings, the stairs, elevators, toilet rooms, 
and supply closets are grouped together in a service core. The 

mechanical, plumbing, and electrical chases, which carry wires 
and pipes vertically from one floor to the next, are also often 
located in service cores, as are the electrical and telephone 
closets, service closets, and fire protection equipment. Often, 
the plan of these areas varies little if at all from one floor to 
the next.

Service cores may have different ceiling heights and layouts 
than the rest of the floor. Mechanical equipment rooms may 
need higher ceilings for big pipes and ducts. Some functions 
such as toilets, stairs, and elevator waiting areas benefit from 
daylight, fresh air, and views, so access to the building perim-
eter can be a priority.

There are several common service core layouts. (See  
Figure 4.22) Central cores are most frequently used. In high‐rise 
office buildings, a single service core provides the maximum 
amount of unobstructed rentable area and creates efficient 
distribution patterns. Locating cores at the building’s edge 
provides access to perimeter daylight. Two symmetrical cores 
can provide lateral bracing and shorter distribution runs, but 
reduces layout flexibility. Multiple cores are used in apartment 
buildings and structures made of repetitive units, with the cores 
located between units along interior corridors. Detached cores 
are located outside the body of the building to save usable floor 
space, but require long service runs.

Service cores can take up a considerable amount of space. 
Along with the entry lobby and loading docks, service areas may 
nearly fill the ground floor as well as the roof and basement. 
Their locations must be coordinated with the structural layout 
of the building. In addition, they must coordinate with patterns 
of space use and activity. The clarity and distance of the 
circulation path from the farthest rentable area to stairs in the 
service core have a direct impact on the building’s safety in a 
fire. (See Figure 4.23)

For more information on service cores, see Chapter 10, “Waste 
and Reuse Systems.”

Figure 4.22 Service core layouts
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Structural tyPES
The remainder of this chapter will introduce basic structural 
construction types, and look at how they affect the interiors of 
buildings. These include light frame, post-and-beam and heavy 
timber, masonry, concrete, steel structures, and other structural 
types.

light Frame Structures
Framing is the process of fitting and connecting relatively slen-
der members to shape and support a structure. Light frame 
construction forms the structural elements from closely spaced 
members made of dimension lumber or light‐gauge steel. Light 
frame structures are often built on-site from local materials.

lIgHt Wood FramIng
Due to the availability of lumber from extensive forests, wood‐
frame construction traditionally has been used to build private 
residences and small public buildings in North America. The 
building’s frame, a skeleton of relatively slender members, gives 
support and shape to the superstructure.

A frame house is constructed with a wood skeleton that is usu-
ally sheathed with siding. Sheathing is a protective covering of 
boards, plywood, or other panels applied to the frame as a basis 
for siding, flooring, or roofing. Siding such as shingles, boards, 
or sheets of metal surfaces the exterior walls of frame buildings.

Strength is given to corners by assembling two or three 
studs at the intersection of two framed walls. Corners are fur-
ther reinforced by diagonal corner braces set into the studding.

In platform framing, a wooden building is built of stacked 
floors made with studs only a single story high. (See Figure 4.24) 
Each story rests of the top plates of the story below, or on the sill 
plates of the foundation wall.

lIgHt StEEl FramIng
Light-gauge steel studs are manufactured as channels or 
C‐shapes, and are usually pre‐punched to allow piping, wiring, 
and bracing to be run through them. Light‐gauge steel joists are 
lighter, more dimensionally stable, and can span longer distances 
than wood joists. Light-gauge steel studs are cold‐formed from 
sheets or strips of steel. Light-gauge studs are easy to cut and 
assemble in the field, and are frequently used for lightweight, non-
combustible, and damp‐proof wall structures. (See Figure 4.25) 
They are used for load‐bearing walls that support light-gauge 
steel joists, and for non‐bearing partitions. Like wood studs,  
light-gauge steel stud walls have cavities for insulation and 
utilities, and can be finished with a wide array of materials.

Post‐and‐Beam and Heavy timber
Post‐and‐beam and plank‐and‐beam construction both use verti-
cal posts and horizontal beams to carry structural loads. Heavy 
timber construction uses large wood structural members, which 
may be combined with brick walls. Pole construction uses wood 
poles to raise parts of the building above the ground.

PoSt‐and‐BEam conStructIon
In post‐and‐beam construction, vertical posts and horizontal 
beams carry floor and roof loads. The interior spaces formed 

Figure 4.23 Plan with service core
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by the grid of posts and beams can be left open to one another 
or divided into smaller spaces by non‐bearing partitions. The 
skeleton frame of posts and beams is often left visible.

Wood post‐and‐beam construction connects a framework 
of vertical posts with horizontal beams that carry floor and 
roof loads. The posts or columns in wood construction are sup-
ported by individual piers or by a wall foundation. Rigid shear 
walls or diagonal bracing provide resistance to lateral wind and 
seismic forces.

Plank‐and‐BEam conStructIon
Plank‐and‐beam construction uses a framework of wood tim-
ber beams to support wood planks or decking for floors or roofs. 
The planks or sheets of decking span the framework of beams.

Plank‐and‐beam floor and roof systems are used with post‐
and‐beam wall systems to form three‐dimensional structural 
grids. When these grid elements are left exposed on the inte-
rior, the aesthetic appearance of the wood and the detailing of 
the joints must be of high quality.

HEavy tImBEr conStructIon
Heavy timber construction with large wooden posts and 
beams is more resistant to fire than light wood‐frame construc-
tion. Non-combustible, fire‐resistive exterior walls combine with 
wood members and decking that meet minimum size require-
ments specified in the building code.

Heavy timber construction combined with brick is called 
mill construction, due to its use in early mill buildings in North 
America. The combination of fire‐resistant brick walls, large open 
floor spaces, and daylight streaming through large windows pro-
vided an ideal setting for New England’s textile industry. Many of 
these buildings still stand, and have been converted into office 
spaces, housing and studios for artists, and museums.

PolE conStructIon
Pole construction uses a vertical structure of pressure‐treated 
wood poles firmly embedded in the ground. This pier foundation 
supports the building above the surface of land or water. Pole 
construction allows buildings to be built on steeply sloping land 
without removing all the trees and grading the area to a flat 
surface.

masonry Structures
Masonry construction dates back to the earliest civilizations. 
Building units of natural or manufactured products such as 
stone, brick, or concrete block are typically held together with 
mortar. Masonry walls are durable, fire‐resistant, and structur-
ally efficient for compression loads.

Masonry construction has developed its own specific vo-
cabulary over the centuries. (See Figure 4.26) A single horizon-
tal row of masonry units is called a course. Multiple courses 
stacked together are referred to as a field. The continuous ver-
tical section of a masonry wall one unit in thickness is called a 
wythe (or withe).

Figure 4.24 Platform framing 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 5.42
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high, with steel reinforcing bars embedded in grout in the center 
of the brick construction.

movEmEnt JoIntS
Masonry materials expand and contract with changes in tem-
perature and moisture content. Clay masonry units absorb wa-
ter and expand, and concrete masonry units shrink as they dry 
after manufacture.

Movement joints are incorporated into masonry walls to 
control these changes, with expansion joints designed to close 
slightly when masonry materials expand, and control joints con-
structed to open slightly as concrete masonry shrinks. Move-
ment joints are located each 100 to 125 feet (30 to 38 m) along 
unbroken lengths of masonry walls, at changes in wall height 
or thickness, at columns, pilasters, and wall intersections, and 
near corners. They are also installed on both sides of openings 
greater than six feet (1.8 m) wide, and on one side of openings 
less than six feet.

StonE maSonry
Masonry of natural stone is durable and weather resistant. (See 
Table 4.1) Stones may be simply laid in mortar as double‐faced 
walls, or stone used as a facing veneer tied into a concrete or 
masonry backup wall.

Structural stone masonry patterns are sometimes visible 
on interior walls. Interior walls built with stone add scale, color 
and texture. In other instances, stone is used to face walls con-
structed of other materials.

BrIck maSonry
Brick is a rectangular masonry unit made of clay and hardened 
in the sun or by firing in a kiln (a furnace or oven). Common 
brick is used for general building purposes and is given no spe-
cial color or texture. Facing brick (also called face brick) is 
used on visible surfaces. Facing brick is made of special clays 
or treated to create desired colors and textures.

Bricks will absorb water and are graded for durability when 
exposed to weather. They are made by molding clay to produce 

Masonry walls are typically constructed in parallel sets to 
support steel, wood, or concrete spanning systems. They are 
often spanned by open‐web steel joists, timber or steel beams, 
or site‐cast or concrete slabs.

maSonry Wall conStructIon
Masonry units can be assembled into solid walls, cavity walls, 
or veneered walls with joints filled with mortar, which is usu-
ally composed of portland cement, sand, and water. Solid 
masonry walls are constructed of either solid or hollow ma-
sonry units. Composite walls are made with more than one 
masonry type.

In grouted masonry walls, two wythes each one unit thick 
are bonded into a single mass with grout (thin mortar). Where 
the facing and backing units of a masonry wall are constructed 
separately, the result is called a cavity wall. The space between 
the two parts of the cavity wall keeps water from penetrating 
through the entire wall into the interior. The air‐filled cavity serves 
to insulate the wall.

A wall that has a non‐structural facing of stone, brick, con-
crete, or tile bonded to a supporting structure is known as a 
veneered wall. The surface veneer obscures the actual struc-
tural material, which may be concrete or masonry.

Masonry walls can be unreinforced or reinforced. Rein-
forced masonry walls have steel reinforcing bars inside grout‐
filled cavities and joints.

Masonry bearing or shear walls are required to have a mini-
mum thickness of 8" (203 mm). With reinforcing, this can be 
reduced to 6" (152 mm). Solid six‐inch masonry walls in single‐
story buildings are limited to nine feet in height.

Because masonry is composed of small units, it can be as-
sembled into curving or irregular forms. Masonry walls provide 
texture and color to interior spaces.

maSonry oPEnIngS
Openings in masonry walls are spanned by arches or with 
stone or concrete lintels. Precast concrete lintels are available 
for brick and concrete masonry walls. Concrete masonry lin-
tels rest on masonry on each side of the opening. Paired steel 
angles can support the facing and back up wythes across an 
opening. Reinforced brick lintels are built four to seven courses 

Figure 4.26 Masonry terms
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TABLE 4.1 COMMON BUILDING STONE TyPES
Stone Type Description

Granite Very hard, strong and durable, good 
weathering and abrasion resistance

Marble High compressive strength, most durable 
in dry climates or where protected from 
precipitation

Limestone Softer and more porous than granite, 
becomes harder when exposed to weather, 
durability greatest in dry climates

Sandstone Highly porous, easy to work but relatively 
low durability

Slate Splits into slabs easily, extremely durable



66    |    BUILDING COMPONENTS

unFIrEd EartH conStructIonS
Sun‐dried bricks made of mud and water have been used for 
thousands of years. Although unfired stabilized earth has low 
tensile strength and is unsuited for tall structures, its high com-
pressive strength, ability to store heat, low cost, and ability to 
be produced locally on a small scale have made it widely used 
in areas of little rainfall throughout the world.

Adobe construction is traditionally used without insula-
tion in hot dry climates without cold winters. Adobe is made 
of sun‐dried clay masonry mixed by hand or machine and 
cast in wood or metal forms. Straw is sometimes added to 
the mix. Adobe bricks vary in size, although they are com-
monly 10" by 14" (254 by 305 mm) and 2" to 4" (51 to 102 
mm) thick. Adobe bricks are very heavy. They are usually 
plastered on both the inside and outside. Openings are tra-
ditionally spanned by rough‐hewn wood beams called vigas. 
Both adobe and rammed earth constructions have little resis-
tance to earthquakes, and may require a separate structural 
frame.

a variety of surface textures and densities. Flashed bricks are 
fired alternately with too much and then too little air to produce 
a varied face color. Firebrick is made of high‐temperature resis-
tant refractory clay; it is used for lining furnaces and fireplaces.

Bricks are made in a variety of standard sizes, which are given 
in nominal dimensions. These are larger than the actual brick 
dimension; the added size accounts for the thickness of a mortar 
joint. The dimensions and proportions of bricks affect the scale and 
appearance of brick walls. The types and thicknesses of mortar 
joints are chosen for appearance and for their ability to shed water.

The orientation of each brick in a wall affects the wall’s so-
lidity and appearance. The arrangement of masonry units into 
regular bond patterns takes many forms. (See Figure 4.27)

concrEtE maSonry unItS
A concrete masonry unit (CMU) is a precast masonry unit made 
of portland cement, fine aggregate and water. CMUs are avail-
able in many shapes and styles. (See Figure 4.28)

Concrete blocks are solid or hollow concrete masonry units; 
they are often wrongly referred to as cement blocks.

Concrete blocks are assembled into walls in a single wythe, 
with reinforcing embedded in the mortar of the horizontal joints. 
The vertical cells of CMUs may be filled with steel reinforcing em-
bedded in grout. Steel reinforcing increases the wall’s ability to car-
ry vertical loads and its resistance to buckling and lateral forces.

glaSS Block WallS
Translucent, hollow glass blocks have clear, textured, or pat-
terned faces. Inserted into openings in exterior walls, they let in 
light while limiting views. As interior partitions, they contribute 
sparkle, translucency, and texture.

Figure 4.27 Sample masonry bond patterns
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Figure 4.28 Sample concrete masonry unit shapes
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caSt‐In‐PlacE concrEtE
Cast‐in‐place concrete is cast into formwork that is usually 
made of prefabricated reusable panels. Additional forms can 
be added to create linear recesses and other patterns on the 
concrete’s surface.

Cast‐in‐place concrete beams are usually formed and cast 
with the slabs they support. This structural integration adds to 
the strength of the building.

Cast‐in‐place reinforced concrete floor slabs are integrated 
into their supporting concrete beams. Precast concrete slabs 
or planks may be supported by beams or by load-bearing walls.

tIlt‐uP conStructIon
Tilt‐up construction consists of reinforced concrete wall pan-
els cast directly on the floor slab, without formwork, then tilted 
up with a crane into their final vertical position. Tilt‐up panels are 
designed to withstand the stresses of being lifted and moved, 
which may be greater than in‐place loads. Tilt‐up construction 
panels have good structural strength, insulating value, and ther-
mal mass, and are weather and fire resistant.

PrEcaSt concrEtE
Precast concrete structural elements are cast and steam‐cured 
off‐site, transported to the site, and set in place with cranes. 
Precast building components offer consistent strength, dura-
bility, and finish quality, and eliminate on‐site formwork. They 
may be reinforced or prestressed for extra strength or reduced 
thickness.

Prestressed concrete is reinforced by putting tension on 
high‐strength steel tendons inside concrete. (See Table 4.3) The 
tensile stresses in the tendons are transferred to the concrete, 
which deflects in a direction opposite to the deflection that will 
take place when the concrete is subjected to a load. The two 
forces, from the prestressed concrete and cables and from the 
load, cancel each other out, allowing the prestressed concrete 
to span greater distances with heavier loads.

Precast concrete wall panels are used for bearing walls and 
columns that support site‐cast concrete floors or steel floor and 
roof systems. (See Table 4.4)

Rammed‐earth construction is an unfired stabilized 
earth technology consisting of a stiff mixture of clay, silt, sand, 
and water compressed and dried within wall forms. The damp 
soil is compacted by hand or machine into lifts or layers 6" (152 
mm) high before being set onto the previously placed layers.

Both adobe and rammed earth walls vary from 8" (203 mm) 
for interior non‐bearing walls to 18" (457 mm) thick exterior 
walls capable of supporting two stories up to 22 feet (6.7 m) 
high.

concrete Structures
Concrete has been used as a structural material since the Ro-
man Empire. It is made by mixing cement that has been cal-
cined (heated to a high temperature without melting or fusing) 
and mineral aggregates, plus water.

Cement is made from finely pulverized clay and limestone, and 
is used as an ingredient in concrete and mortar; the term is 
often used incorrectly for the term “concrete.”

Aggregates added to concrete are hard, inert mineral 
materials such as sand and gravel. (See Table 4.2) Aggregates 
make up 60 to 80 percent of the volume of concrete, and greatly 
affect its strength, weight, and fire‐resistance. Other additives 
(also called admixtures) are added to concrete to provide spe-
cific desired properties.

Concrete is either cast‐in‐place where it will be used 
by a concrete mixer or agitator truck, or precast off-site in 
factory‐controlled conditions. Concrete used for construc-
tion is usually reinforced with steel reinforcing bars or with 
welded‐wire fabric.

TABLE 4.2 CONCRETE ADDITIvES
Additive Description

Air‐entraining agent Disperses tiny air bubbles in concrete 
or mortar mix; improves workability, 
produces lightweight insulating 
concrete

Accelerator Increases rate of setting and strength 
development

Retarder Slows setting, allowing more time 
working time

Surface‐active agent 
(surfactant)

Helps water wet and penetrate the 
mix, or aids in distributing other 
additives

Water‐reducing agent 
(superplasticizer)

Reduces amount of water required 
to keep concrete workable, generally 
increasing concrete strength

Coloring agent Pigment or dye to alter concrete 
color

TABLE 4.3 PRECAST PRESTRESSED CONCRETE 
STRUCTURAL ELEMENTS
Type Description

Solid flat slab Plank used for sort spans, 
uniformly distributed loads

Hollow‐core slab Plank with hollow cores to reduce 
weight; uniformly distributed loads 
over medium to long spans

Single and double tees T‐shaped planks with single or 
double stem and broad, flat slab

Ledger beam L or inverted T shaped beam with 
projecting ledges to support the 
ends of joists or slabs
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coated with fire‐resistant materials or combined into assemblies 
that are rated for fire resistance.

The outer walls of a steel structure may consist of exterior 
panels rigidly connected to the frame, which stiffen the structure 
and resist wind loads. Curtain walls are exterior walls supported 
by the structural frame and carrying no load other than their own 
weight and the wind load.

Curtain walls were introduced in Chapter 2, “Designing for the 
Environment.”

A rigid steel frame is frequently used for single‐story light 
industrial buildings, warehouses, and recreational facilities. The 
frame consists of two columns and a beam or girder fastened 
together with rigid connections. A row of long‐span beams or 
girders supported by pairs of exterior columns, called a one‐
way beam system, generates long, narrow, column‐free spaces.

Structural steel frames are well adapted to buildings with open 
interior spaces.

Metal decking is corrugated to increase its stiffness, 
which in turn allows for increased spans. Horizontal metal 

metal Structures
Archeological evidence dates the beginnings of iron production 
to Anatolia around 1200 bce. By around 650 bce, steel was being 
produced in large quantities in Sparta, Greece. The introduction 
of the Bessemer process in the nineteenth century industrial-
ized the process of removing impurities from molten iron, and 
cast iron, wrought iron, steel and stainless steel became avail-
able for building construction.

caSt Iron and WrougHt Iron
Cast iron is a brittle iron‐based alloy that contains carbon and 
small amounts of silicon. It is cast in a mold and machined to 
make building and ornamental products. Cast iron is strong 
in compression but weak in tension and bending; it becomes 
structurally unreliable in fires.

Cast iron columns have been used since the nineteenth 
century to support glass‐enclosed buildings such as London’s 
Crystal Palace. Their lightweight and elegant appearance lives 
on in historic examples, although today most architectural cast 
iron is purely decorative.

Wrought iron is tough, malleable and relatively soft. It 
is easy to work with, and is often forged into beautiful linear 
designs. Wrought iron is used for interior products, gates and 
fences, and for other architectural components with relatively 
light loads.

StEEl FramIng
Steel is an alloy of iron with carbon; sometimes other materials 
are added for specific properties. The strength, hardness, and 
elasticity of steel depend on its carbon content and heat treat-
ment. Adding carbon to iron increases its strength and harness, 
but decreases it ductility and ability to be welded.

Structural steel framing is made of hot‐rolled steel 
beams and columns spanned by open‐web joists and metal 
decking. (See Table 4.5) Steel framing is most efficiently used 
in a regular grid pattern of girders, beams, and joists. Columns 
are spaced according to the spans of girders or beams. Lateral 
wind or seismic loads are resisted by shear planes, diagonal 
bracing, or rigid framing that uses special connectors.

Rolled structural steel is generally as strong in tension as in 
compression, making it an excellent structural building material. 
However, steel rusts when exposed to water and air. Because 
steel can deform at high temperatures, steel structures must be 

TABLE 4.4 PRECAST CONCRETE COLUMNS
Column Size Approximate Area Supported

10" by 10" (255 by 
255 mm)

2000 square feet (185 square meters)

12" by 12" (305 by  
305 mm)

2750 square feet (255 square meters)

16" by 16" (405 by 
405 mm)

4500 square feet (418 square meters)

TABLE 4.5 SAMPLE STRUCTURAL STEEL FORMS
Form Description

W‐shape (wide flange) H‐shaped form with wide parallel 
flanges; often used for beams and 
columns

S‐shape (American 
standard beam)

I‐shaped section with sloped inner 
flange surfaces

American standard 
channel

Rectangular C‐shaped section with 
sloped inner flange surfaces

Angle (angle iron) L‐shaped section with equal or unequal 
leg lengths; a pair of angles joined 
back to back form a double angle

Bar A long, solid piece with a square, 
rectangular or other simple cross‐
sectional shape

Structural tubing Hollow structural shape with a square, 
rectangular or circular cross section; 
pipe is round structural tubing.

Plate A thin, flat sheet of uniform thickness; 
may have a distinctive waffle surface 
pattern

Sheet metal A thin sheet or plate of metal; 
corrugated for decking use.

Open‐web steel joist 
(bar joist)

Lightweight steel joist supported by 
upper chord; web is often a zigzag 
steel bar.
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mIxEd Structural tyPES
Many buildings are made of a mix of materials and some combine 
different structural types. By understanding the nature of struc-
tural materials, it is possible to determine that a brick‐covered 
building is actually a concrete structure. It is not uncommon for 
a building to have a structural frame of one material, with infill 
panels of another material forming the exterior walls.

There is a great deal more that could be said about build-
ing structural types; perhaps this short survey has wet your 
curiosity to learn more about historic and innovative buildings. 
In Chapter 5, we focus on the horizontal elements of building 
interiors, and at the building systems that allow movement from 
one layer of the building to another.

decks are welded to steel joists or beams that they rest on, 
and screwed, welded, or seamed to each other along their 
lengths.

other Structural types
Shell, membrane, and cable structures are other ways to cover 
an area with three‐dimensional forms.

SHEll StructurES
A shell structure is a thin, curved plate structure, designed 
to transmit applied forces by compression, tension, and shear. 
Shells can withstand relatively large uniformly applied forces, 
but lack the bending resistance necessary to accommodate 
concentrated loads. Thin shells structures are constructed of 
reinforced concrete. A shell surface may be circular, elliptical, 
or parabolic.

caBlE StructurES
Cable structures use flexible wire rope or metal chains with high 
tensile strength as a means of support. Suspension structures 
support applied loads with cables suspended and prestressed 
between compression members. Cable‐stayed structures employ 
cables extending from vertical or inclined masts to support paral-
lel or radially arranged horizontal spanning members.

mEmBranE StructurES
A membrane structure is a thin, flexible surface that trans-
mits loads primarily along lines of tensile stress. There are sev-
eral types of membrane structures. (See Table 4.6)

TABLE 4.6 MEMBRANE STRUCTURE TyPES
Type Description

Tent structure Prestressed by external forces; 
completely taut under all 
anticipated load conditions; 
usually sharply curved in opposite 
directions

Net structure Surface of closely spaced cables 
rather than fabric material

Air‐supported structure A single membrane supported by 
internal air pressure; anchored and 
sealed along perimeter

Air‐inflated structure A double‐membrane structure 
supported by pressurized air within 
building elements
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IntroductIon
In addition to their structural roles, a building’s floors, walls, and 
stairs define interior spaces and facilitate movement through 
the building’s interior.

Floors, walls, and ceilings do more than mark off a simple 
quantity of space. Their form, configuration, and pattern 
of window and door openings also imbue the defined 
space with certain spatial or architectural qualities. 
(Francis D.K. Ching and Corky Binggeli, Interior Design 
Illustrated [3rd ed.], Wiley 2012, page 6)

Stairs provide means for moving from one level to 
another and are therefore important links in the overall 
circulation scheme of a building. Whether punctuating 
a two‐story volume or rising through a narrow shaft, a 
stairway takes up a significant amount of space. Safety 
and ease of travel are, in the end, the most important 
considerations in the design and placement of stairs. 
(Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 9.02)

The construction of floors, walls, stairs, and ramps affect 
interior design and life safety. Their configurations and finishes 
are very important issues in the event of fire.

HorIzontal Structural unItS
The basic horizontal structural units used in buildings are 
either reinforced concrete slabs or grids of girders (large 

primary beams), beams, and joists (smaller parallel beams) 
that support planks or decking. Rigid planar structures spread 
loads in many directions along the plane. The stresses from 
the loads generally take the shortest and stiffest routes to the 
vertical supports.

Rigid floor structures act as flat, deep beams, transferring 
lateral loads to rigid frames, shear walls, or braced frames. Rigid 
frames are usually constructed of steel or reinforced concrete 
with rigid joints. Rigid frames are used in low and medium‐rise 
buildings.

Floor/ceiling assemblies
Floors are the flat, level base planes of interior space. 
As the platforms that support our interior activities and 
furnishings, they must be structured to carry the resulting 
loads safely. (Francis D.K. Ching and Corky Binggeli, 
Interior Design Illustrated (3rd ed.), Wiley 2012, page 150)

Floor FunctIonS
A floor must be designed to withstand the use intended for 
that specific space. Floors interact with numerous other building  
systems. They provide structural support, control fire and the 
thermal qualities of surfaces, and provide useful surfaces. 
Floors can help control humidity, airflow, acoustic privacy, and 
the entry of living creatures. They sometimes control thermal 
radiation and air temperature, and help keep out water.

The ceiling portion of the assembly plays a role in controlling 
thermal radiation, air temperature, humidity, fire, and visual and 

5
Floor/ceiling assemblies,  

Walls, and Stairs
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acoustic privacy. It also helps with flow of air and adjusts to 
movement, and sometimes provides structural support.

Floor/ceIlIng aSSembly compoSItIon
Floor systems fall into two general categories: a series of linear 
beams and joists topped with a plane of sheathing or decking, 
or a slab of reinforced concrete.

The term floor/ceiling assembly describes how the floor 
and ceiling are built. Each floor/ceiling assembly differs from 
others in thickness, components, and fire and acoustic ratings.

The depth of the floor/ceiling assembly affects the height 
from interior ceiling to floor as well as total building height. The 
depth of the floor system is related to the size of the structural 
bays that it spans and the strength of the materials used. The 
design of the assembly often has to accommodate mechanical, 
plumbing, and electrical equipment.

The way that the floor structure’s edges connect to the 
supporting foundation and structural wall systems affects the 
structural integrity of the building and its physical appearance. 
The details of these connections determine the building’s ability 
to control airborne and structure‐borne sound, and affect the 
fire-resistance rating of the assembly. A relatively stiff assem-
bly with some elasticity helps support moving loads. Too much 
deflection and vibration in the floor/ceiling assembly can be a 
problem for finish materials as well as for human comfort.

items that are ordinarily hidden above a ceiling, in the process 
allowing access to these components.

Exposing the structure eliminates the cost of installing 
a ceiling. The cost of designing mechanical, electrical, and 
plumbing systems to present a code‐compliant and finished 
appearance may offset or even exceed the savings. In addition, 
exposed ceilings and their equipment may need to be painted.

betWeen FloorS and ceIlIngS
An enclosed portion of the building structure that is designed 
to allow the movement of air, forming part of an air distri-
bution system, is commonly called a plenum. Although the 
term plenum is specifically used for the chamber at the top 
of a furnace (also called a bonnet) from which ducts emerge 
to conduct heated or conditioned air to the inhabited spaces 
of the building, it is also commonly used to refer to the open 
area between the bottom of a floor structure and the top 
of the ceiling assembly below. In some cases, air is carried 
through this space without ducting, and then it is called an 
open plenum.

Building codes limit where open plenum systems can run 
in a building, prohibit combustible materials in plenum spaces, 
and limit the types of wiring permitted. The area between the 
floor above and ceiling below is usually full of electrical, plumb-
ing, heating and cooling, lighting, fire suppression, and other 
equipment. (See Figure 5.1) Equipment in the plenum some-
times continues vertically down a structurally created shaft 
(chase). The open plenum must be isolated from other spaces 
so that debris in the plenum and vertical shaft is not drawn into 
a return air intake.

For information on how floor systems are involved in blocking 
noise and fire, see Chapter 8, “Architectural Acoustics,” and 
Chapter 18, “Fire Safety Design.”

Figure 5.1 Space between floor and ceiling
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Interior designers are often concerned with locating lighting or 
other design elements in relation to all the other equipment in 
the plenum.

expoSed ceIlIngS
The maximum possible floor to ceiling height can be achieved 
by exposing the architectural structure as the finished ceiling. 
Exposed ceilings reveal mechanical equipment, plumbing, elec-
trical conduits, sprinkler systems, lighting fixtures, and other 
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Interior design concerns
During remodeling projects, it is important for the interior 
designer to know what components are in the existing floor and 
to avoid damaging them. Floors may be weak or uneven due 
to poor construction, age, or sagging from a settling founda-
tion. Uneven floors make it difficult to install ceramic tile without 
breaking tiles and cracking grout. In addition, uneven floors 
often squeak.

Floor joists should be examined to determine how a floor is 
constructed, whether damage exists, and the size of the framing 
members. Concealed air vents and plumbing running through the 
floor/ceiling assembly may be difficult and expensive to relocate.

Water damage from leaking toilets or pipes may weaken the 
floor structure. Prior to renovating a bathroom, the floor cover-
ing should be lifted or removed, or the ceiling below checked 
for leaks. Severe damage may require replacement of the sub-
flooring (the structural material used to span floor joists) or 
reinforcement of floor joists. Floors over a concrete slab should 
be checked for moisture and cracks requiring sealing.

Appliances require stable, even floors in order to fit with 
each other or with cabinetry. The built‐in leveling legs of 
residential kitchen appliances are difficult to adjust properly, so 
level floors should do the job.

Some equipment is very heavy, and may require additional 
structural support. Exercise equipment, for example, requires 
a floor with enough support for the equipment and enough 
stiffness for the jumping and pounding that occurs with its use.

Floor Systems
Floor systems are constructed from concrete slabs, wood, or 
steel. Floating floors and access floors require special con-
struction methods.

concrete SlabS
Concrete slab floors are reinforced with steel and either poured 
in place or delivered to the site as precast planks. Depending 
on their thickened areas and layout of reinforcement, they are 
categorized as one‐way slabs, one‐way joist slabs, two‐way flat 
plates or slabs, and two‐way slab and beam constructions.

Concrete waffle slabs are often exposed as interior ceilings, 
with lighting fixtures, air supply outlets, return grilles, designed 
to fit into the 24" by 24" by 18" (610 by 610 by 457 mm) coffers. 
Ductwork, pipes, and wires are installed under a raised flooring 
system resting on the concrete waffle slab. This integrated ap-
proach requires much greater cooperation among the building 
professionals involved in the project.

Precast concrete floor systems use precast concrete slabs, 
beams, and structural tees. (See Figure 5.2) These structural 
members may be supported by concrete or masonry bearing 
walls, or by steel or concrete frames.

Precast concrete slabs are usually installed with a reinforced 
concrete topping 2" to 3½" (51 to 89 mm) thick. The concrete 
topping may be eliminated with smooth‐surfaced concrete slabs 

when they are finished with carpet and pad. The undersides of 
precast slabs can be caulked and painted and left exposed, or a 
ceiling finish may be applied or suspended below the slab.

Figure 5.2 Precast concrete floor elements

(a) Solid flat slab

(b) Single tee

(c) Hollow core slab

(d) Double tee

Subflooring material must be smooth, level, and suitable for in-
stallation of the floor’s finish material. Sometimes an existing 
concrete floor receives a new subfloor or the application of a 
leveling material to smooth out irregularities.

Concrete slab‐on‐grade floors are built in direct contact with 
the ground. The temperature of the ground is often different 
from that of outdoor air, and earth conducts heat more readily 
than air. A few inches of insulation can make a significant differ-
ence in the heat flow from the slab. Concrete slab joints allow 
for contraction and expansion. (See Figure 5.3)

See Chapter 4, “Building Forms, Structures, and Elements,” for 
more on slab‐on‐grade floors.

Wood Floor SyStemS
In wood light‐frame construction, wood beams support struc-
tural planking or decking. The underside of the floor structure 
may be left exposed or covered with ceiling finish material.

Wood joists are made of dimension lumber, which is easy to cut 
on site with simple tools. Nominal dimensions range from 2 × 6, 
which can span up to 10 feet (3 m), through 2 × 12, which can span 
18 feet (5.5 m). They can also be prefabricated from composite 
materials like oriented strand board (OSB).

The floor assembly is supported by girders, posts, or load‐
bearing walls. Where openings are cut into the floor or where 
concentrated loads are expected, the wood framing members 
are doubled up. Such is the case where non‐bearing partitions 
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run parallel to the length of the joists. The load from non‐bear-
ing partitions can be distributed across many joists when the 
partitions run perpendicular to them. Load‐bearing walls must 
be supported from below.

Wood plank and beam floor systems transmit sounds of 
objects striking them, such as footfalls. The optional installation 
of a ceiling below provides a concealed space for thermal and 
acoustic insulation, piping, wiring, and ductwork. Wood frame 
construction is combustible, and requires fire‐resistant ceiling 
and floor finishes for fire resistance.

Subflooring serves as a working platform during construc-
tion and provides a smooth base for the floor finish. Combined 
with joists, the subfloor can form a structural diaphragm that 
transfers lateral forces to shear walls. (See Figure 5.4) Plywood 
is usually used for subflooring, but OSB, waferboard, or particle-
board is also sometimes used.

Underlayment is an additional layer, often plywood or 
hardboard, added on top of the subflooring. Underlayment helps 
spread out impact loads on the floor, and prepares the surface 
for direct application of finish materials that require a smooth 
surface. The underlayment may be a separate layer over the 
boards or panels of the subfloor, or may be combined with the 
subfloor itself as a compound material.

Subflooring and underlayment panels are nailed into place 
over at least two open spans with their length perpendicular to 
the joists and their ends staggered. When glued and nailed to 
the floor joists, combined subfloor/underlayment panels act to-
gether with the joists as large beams, increasing the stiffness 
of the floor assembly and reducing floor creep and squeaking.

Prefabricated joists and trusses are best used for long 
spans across simple floor plans. They can be factory assem-
bled to the engineer’s design and shipped to the building site. 
Prefabricated, pre‐engineered wood is lighter and more dimen-
sionally stable (able to maintain its original dimensions during 
use) than sawn lumber, and can be manufactured in greater 
depths and lengths to span longer distances.

Wood beams are made of solid sawn lumber or 
glued‐together smaller pieces of wood. They are supported and 

joined with metal connections that are manufactured in many 
designs. When left exposed, as is often the case, the quality of 
the wood and its construction is important to the appearance 
of the interior.

Wood plank and beam framing is usually used to support 
moderate, evenly distributed loads. The beams support a 
structural floor plane of wood decking, plywood, or prefab-
ricated stressed‐skin panels. Most partitions in this type of 
framing are nonbearing, and can be placed on a soleplate 
perpendicular to the planks. When aligned with the direction 
of the floor decking, nonbearing partitions may require extra 
support.

Steel Floor SyStemS
Steel‐framed buildings usually employ steel decking, precast 
planks, or concrete slab floors. The steel beams that support 
the decking or precast planks are in turn supported by gird-
ers, columns, or load‐bearing walls, which are usually parts of a 
steel skeleton frame system. (See Figure 5.5)

Light gauge or open‐web joists are also used to support 
floors. They may be supported by masonry or reinforced con-
crete bearing walls, or by steel beams or joist girders (heavier 
versions of open‐web joists).

FloatIng FloorS
Floating floors are floors that are not nailed or glued to the 
subfloor. Relatively simple floating floors are used with laminate 
flooring and other finishes.

Figure 5.3 Concrete slab joints 
Source: Redrawn from Construction and Home Repair Techniques Simply 
Explained, Naval Education and Training Command Management Support 
Activity, republished by Dover Publications, Inc., 1999, page 180
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joints
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joints
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Figure 5.4 Wood floor framing 
Source: Redrawn from Construction and Home Repair Techniques 
Simply Explained, Naval Education and Training Command Mana-
gement Support Activity, republished by Dover Publications, Inc., 1999, 
page 264

Subfloor panel

Staggered
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Floor joist
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Suspended ceilings or raised floors help designers deal with 
ceiling noise and equipment clutter, but decrease the floor‐to‐
ceiling height of the finished space.
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Acoustic floating floors, used where the transmission of 
sound must be strictly controlled, are more complex. The floor 
must spread loads in a way that does not crush the acoustical 
padding that prevents the noise produced by an impact from 
being transmitted. The total construction must be airtight so 
no sound is transmitted. The baseboards at the walls should 
not bridge the gap between the floor slab and the finish. Special 
care must be taken at walls and penetrations, and consistent 
construction should be used throughout.

acceSS FloorIng SyStemS
Access flooring systems are typically used in office and 
institutional spaces to provide flexible placement of furnishings 
and equipment as well as access to mechanical and electrical 
equipment below the floor. The system consists of removable 
floor panels supported on adjustable pedestals. The pedestals 
can raise the finished floor height up to 30” (455 mm); minimum 
heights vary.

The steel, aluminum, or lightweight reinforced concrete 
floor panels are 24” (610 mm) square. They may be finished 
with carpet tile, resilient tile, hardwood, terrazzo, or porcelain 
tile, or other finishes. Finishes with fire ratings and designed 
with electrostatic discharge control are also available.

provide structural support, keep out water, and control fire. 
They can provide useful surfaces, control their thermal qualities, 
and adjust to movement. They also house the wires and pipes of 
other building systems.

Figure 5.5 Steel floor deck and steel beams

For more information about access flooring systems, see Chap-
ter 16, “Electrical Distribution,” and Chapter 14, “Heating and 
Cooling.”

The pattern of load-bearing walls and columns should be coor-
dinated with the layout of the interior spaces of a building.

load‐bearing Walls and Frames
Load‐bearing walls are often constructed of concrete and 
masonry, and are classified by building codes as noncombustible 
construction. They are heavy and solid, and support loads in 
compression by the mass of their material. They are strong in 
compression but require reinforcing to accommodate tensile 
forces. Their lateral stability is affected by their height‐to‐width 
ratios. Their design and construction requires proper placement 
of expansion joints.

In order to accommodate tensile stresses, concrete and 
masonry walls can be reinforced with steel. They are designed 
to carry relatively heavy loads across 20 to 40 foot (6 to 12 m) 
spans.

Interior surfaces of concrete and masonry walls are often left 
exposed, creating texture and pattern.

Load‐bearing walls can also be built with metal or wood 
studs. Stud wall frames can be assembled on-site or panelized 
off‐site. The relatively small, lightweight components are easily 
worked into a variety of forms.

The cavities between the studs are used for thermal insula-
tion, vapor retarders, mechanical distribution, and mechanical 
and electrical service outlets.

It is important to ascertain whether a wall is load-bearing 
before contemplating its demolition. The direction of ceiling 
joists can be checked above the space, in the attic, or us-
ing an access panel. Load‐bearing walls tend to run perpen-
dicular to the joists. Joists running in the same direction as 
the wall probably indicate that the wall is not load-bearing. 
However, the advice of a qualified professional is strongly 
recommended.

Structural FrameS
Structural frames support and accept a variety of nonbearing 
or curtain wall systems. Concrete frames are typically rigid, 
qualifying as noncombustible, fire‐resistive construction. 
Timber frames span shorter distances and carry lighter 
maximum loads than concrete or steel. They require diagonal 
bracing or shear planes for lateral stability. Timber frames 
may qualify as heavy timber construction if they meet certain 
requirements.

Wall SyStemS
Walls are vertical building elements that enclose, separate, and 
protect interior spaces. Walls are often designed to support 
loads transferred from floors and roofs, but are sometimes a 
framework of columns and beams with nonstructural panels at-
tached to or filling in between them.

Walls, like floors, serve many building functions. They con-
trol thermal radiation, air temperature, humidity, airflow, acous-
tic and visual privacy, and the entry of people and animals. Walls 
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Interior Walls and partitions
Interior walls and partitions subdivide the space within a building. 
They may or may not be load bearing. Their construction 
should be able to support finish materials, provide acoustical 
separation, and accommodate connections to mechanical and 
electrical distribution services.

Interior walls are commonly made with metal or wood studs 
spaced 16" or 24" (406 or 610 mm) on center that carry vertical 
loads. Due to their relatively small pieces and the variety of fasten-
ing techniques available, they are quite flexible in form. Cavities 
in the wall frame accommodate insulation and mechanical and 
electrical distribution.

The finish materials determine the fire‐resistance rating of the 
wall assembly.

Wall openIngS
Openings such as doors and windows in walls are constructed 
so that any vertical loads from above are distributed around the 
openings. The location and size of door and window openings 
are influenced by the structural system and by modular dimen-
sions of wall materials.

Sound control
To prevent sound transmission between interior spaces, walls 
can be insulated with fiberglass or other acoustic insulating mate-
rial. Building a double‐studded wall, especially with staggered 
studs, on two separate plates is effective, but costs more for 
increased labor and materials. Double‐studded and staggered 
stud walls also may negatively affect the running of plumbing, 
wiring, and ductwork.

For more information on walls and sound control, see Chapter 8, 
“Architectural Acoustics.”

exIStIng WallS

Existing walls may hide wiring, plumbing, drain and vent pipes, 
and heating, air conditioning, and air return ducts. It is important 
to check for these before demolition work begins on a renovation.

When an uneven wall is to remain, using surface treatments like 
liners or wall panels can create a surface smooth enough to 
work with.

Where walls or corners are off square, preformed showers 
and other fixtures may not fit corners well, and gaps will have to 
be filled. It is especially difficult to install cabinets or appliances 
in uneven corners without gaps. Cabinet fillers can often be 
used to fill gaps at walls produced by uneven construction, but 
the problem may require a more complex solution.

StaIrS and rampS
In buildings with multiple floors, it is necessary to provide ways 
for people and materials to move vertically inside the building. 
Stairs and ramps are important links in the design of a build-
ing’s circulation. Stairs and their landings take up a significant 
amount of space. Ramps take up much more floor space than 
stairs to rise to a given height.

Stairs
Stairs not only connect the levels of a building, but they are 
also important forms of spatial transition between rooms. (See 
Figure 5.6) The design of the stair shapes how we approach a 

Figure 5.6 Stairway form 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 31

Uneven walls and the absence of square corners in both new 
and older construction make it difficult to install finishes, applianc-
es, and cabinets. Some walls may not have been initially installed 
properly. Old plaster walls often have cracks, and may be distort-
ed when undergoing repairs. Drywall that has been moisture dam-
aged or not properly repaired can soften and sometimes bow. As 
a result, tile and stone finishes may not lie flat on misshapen walls, 
and tile lines may be uneven. Mirrors may not contact the wall 
evenly, and the edges of a glass door may not fit flush and flat.
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Stringers and trim may project a maximum of 1½" (38 mm). 
They must be continuous without interruptions by a newel post 
supporting the handrail or another obstruction.

Doors must swing in the direction of egress, and cannot 
reduce the landing to less than one‐half of its required width. 
When fully open, doors must not intrude into the required stair-
way width by more than 7" (178 mm).

The 2015 International Building Code (IBC), 2015 International 
Residential Code (IRC), and 2010 ADA Standards for Accessible 
Design requirements for stairs vary and have exemptions that 
affect their application. Check current applicable codes.

stairway, the pace and style of our ascent and descent, and 
what we are able to do along the way. The stairway’s form can 
fill and provide focus for a space and offer engaging views. 
It may run along a room’s edge or wrap around it. Stairs can 
help people escape from a burning building, but can also invite 
danger.

StaIrS and codeS
The design of stairs is strictly regulated by building codes and 
by the Americans with Disabilities Act (ADA). Stairs that are part 
of building exits have additional fire‐safety requirements. Codes 
also regulate the elements of stairs that make them safe to sup-
port weight and to move up and down.

Building codes may allow limited use of curved, winder, spi-
ral, switchback and alternating tread stairs. This depends upon 
the occupancy classification, number of occupants, use of the 
stairs, and the dimension of the treads.

Stairs require support from stringers, beams, or side walls. 
(See Figure 5.7) Handrails help to steady users and prevent 
falls. Landings break up long runs of stairs and provide resting 
places.

Figure 5.7 Stair parts 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior Design Illustrated (3rd ed.), Wiley 2012, page 204

       12"
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34" to 38"
(866 to 965 mm)

Carrier or stringer 
supported by beam 
or wall.

Handrail

Bearing wall may 
support stairs

34" to 38"
(866 to 965 mm)

Side-wall support 
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Landing

Carriers or stringers
support treads and risers

rISerS, treadS, and noSIngS
A stair designed with proper proportions should be comfort-
able and absolutely uniform. Treads are the horizontal part of 
the stair that we step on, and span the distance between the 
two sides of the stair. Treads need to be level and secure. Ris-
ers are the vertical boards that close off the space between 
treads and add rigidity to the assembly. The riser heights for 
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the stair are established by dividing the overall height into small 
increments that assure a comfortable and safe ascent and de-
scent. Treads and risers in a flight must be uniform within a 
small tolerance. Nosing dimensions, the slope of risers, and the 
projection of treads past risers are all covered by code.

Code requirements for treads, risers, and nosings where 
the tread and riser meet include: (See Figure 5.8)

 ● A minimum of three risers per flight is recommended to 
prevent tripping.

 ● The ADA sets a minimum tread depth at 11" (279 mm), and 
a riser height between 4" and 7" (102 and 178 mm). In public 
occupancies, codes tend to require that riser heights not 
exceed 7" (178 mm).

 ● The 2015 International Residential Code (IRC) limits residential 
risers to 7¼" (196 mm) with a minimum 10" (254 mm) tread 
depth. The 2015 International Building code IBC sets riser 
heights at 7" (178 mm) maximum and 4" (102 mm) minimum.

 ● Risers and treads must maintain uniform dimensions.
 ● Open risers are not permitted, with some exceptions. Where 

permitted, open risers must not allow a 4" (102 mm) diameter 
sphere to pass through.

Codes usually mandate that a stair have a minimum of three 
risers, although some jurisdictions require four risers. The con-
cern is that, with fewer than three or four risers, a user may not 
recognize the level change, especially when viewed from above. 
Single risers are especially difficult to see, and may cause trips 
and falls.

To determine the actual riser and tread dimensions for a 
set of stairs, divide the total rise or floor‐to‐floor height by the 
desired riser height. Round off the result to arrive at a whole 
number of risers. The total rise is then re‐divided by this whole 
number to arrive at the actual riser height.

The calculated riser height must be checked against the 
maximum riser height allowed by the building code. If neces-
sary, the number of risers can be increased by one and the 
actual riser height recalculated.

In any flight of stairs, there is always one less tread than the 
number of risers. Once the actual riser height is set, the tread 
run can be determined using one of the following comfortable 
proportioning formulas:

 ● Tread in inches + 2 times riser in inches = 24 to 25
 ● Riser in inches times tread in inches = 72 to 75

StaIrWay WIdtHS
Most stairs must have a clear minimum width of 44" (1118 mm). 
With an occupant load under 50, a 36" (914 mm) minimum width 
may be permitted.

The IRC requires a residential stair to have a minimum width 
of 36" (914 mm). The IBC requires stairs as part of a means of 
egress to have a minimum width of 44" (1118 mm). Stairs 48" 
(1219 mm) wide allow two people to pass in opposite direc-
tions, although a width 60" (1624 mm) is recommended where 
the stair is intended for people to use in both directions at the 
same time.

Headroom and landIngS
People—especially those with visual impairments—must be 
protected from low headroom in open spaces below stairs. The 
2015 IBC requires a minimum headroom clearance above a stair 
and its landing to be 80" (2032 mm), measured from the nosing. 
This may present a design challenge involving changes in texture 
and material as well as guards located at or near the open sides 
of elevated walking surfaces to prevent falls. When the usable 
space under stairs is enclosed, it is required by code to be 1‐hour 
fire‐rated construction, except in certain residential occupancies.

A flight of stairs may not rise more than 12′ (3.7 meters) 
between floors or landings without intermediate landings. Each 
run of stairs requires a landing at the top and bottom, and a flat 
floor or landing on each side of a door. The landings of a stair-
way should be designed to integrate with the structural system 
to avoid framing complications.

Landings must be at least as wide as the stairway width, 
and a minimum of 44" (1118 mm) in length measured in the 
direction of travel. In dwelling units, a minimum of 36" (914 mm) 
is allowed. According to the 2015 IBC, landings serving straight‐
run stairs need not be longer than 48" (1219 mm).

HandraIlS
A handrail is a barrier made of horizontal rails supported by 
uprights called balusters (or banisters). A railing with support-
ing balusters is called a balustrade. A newel (or newel post) is 
a post that supports one end of a handrail at the top or bottom 
of a flight of stairs. Handrails should be continuous without inter-
ruption by a newel post or other obstruction.

The 2015 IBC requires handrails for stairs in all covered build-
ings, with some exceptions. The maximum height is required to be 
no less than 34" (864 mm) and no greater than 38" (965 mm) mea-
sured directly above the front nose of the treads. Two handrails 
are required for most stairs. A single handrail is allowed within 
dwelling units and for spiral stairways. Intermediate handrails are 
required for each portion of a stair 88" (2235 mm) or more wide. 
Check specific uses with applicable codes.

Most codes do not consider the required handrail projection 
into a stair as a reduction in the stair’s width. According to the Figure 5.8 Risers, treads, and nosings

Angled 
riser

Beveled 
nosing

Curved 
nosing

Vertical riser
½" (13 mm) max.
radius all profiles

30° max

1-½" max
(38 mm)

1-½" max
(38 mm)

Riser height usually 
4" to 7"
(102 to 178 mm)



78    |    BUILDING COMPONENTS

2015 IBC, handrails may project a maximum of 4½" (115 mm) 
into the required width; stringers and trim may project a maxi-
mum of 1½" (38 mm). The handrail should extend a minimum of 
12" (305 mm) horizontally beyond the top riser of a stair flight, 
and extend at the slope of the stair run for a horizontal distance 
of at least one tread depth beyond the last riser nosing of the 
flight. (See Figure 5.9)

Handrails should be free of sharp or abrasive elements. 
Handrail ends should return smoothly to the wall or the walking 
surface, or continue to the handrail of an adjacent stair flight.

The circular cross section of a handrail should be between 
1¼" (32 mm) and 2" (51 mm) in diameter; other shapes with 
similar properties may be permitted if their maximum cross 
section does not exceed 2¼" (57 mm). Circular rails minimum 1 
¼" diameter, maximum 2". Rectangular handrail cross‐sections 
are not permitted, as they are difficult to grasp.

small child from passing through. Spindles or balusters forming 
a stair rail must be set three per tread to meet this requirement. 
To avoid a 4" (102 mm) sphere from passing below the stair rail, 
a 10" (254 mm) tread should have a riser no greater than 6‐½" 
(165 mm) high, and an 11" (179 mm) tread’s riser should not 
exceed 6‐¼" (159 mm).

StaIr typeS
A stairway may be approached or departed either axially or 
perpendicularly to the stair run. Stairs create opportunities for 
dramatic three‐dimensional openings and forms, inspiring vis-
tas, and intriguing details. All stairs require careful planning for 
safety and support. (See Figure 5.10) Openings must be pro-
tected to prevent falls, unauthorized climbing of railings, and 
entanglements (especially by children). Openings for stairways 
in wood‐framed structures must be double‐framed to transfer 
loads around the open stairwell.

Stairs are made in many configurations. A flight of 
straight‐run stairs has no turns (See Figure 5.11). Quarter‐turn 
and half‐turn stairs change direction in the course of their run. 
(See Figures 5.12 and 5.13)

Figure 5.9 ADA handrail projection and clearance 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 505.6

1-½" min. 
(38 mm)

1-½" min. 
(38 mm)

Code requirements for handrails are complex. Check current 
codes for the specific use and jurisdiction. Figure 5.10 Floor framing for stair

Double trimmers 
or headers for 
spans over 4' (1.2 m)

Joist hangers or 
framing anchors

guardS
A guard (guardrail) is required to protect the open or glazed 
sides of stairways, ramps, porches, mezzanines, and unen-
closed floor and roof openings. Stairs open on one or more 
sides must have guards on the open sides. A stair landing or 
any platform that is open and 30" (762 mm) or more above the 
adjacent level must have guards. The 2015 IBC requires guards 
to be 42" (1067 mm) high. The IRC requires guards in dwelling 
units to be a minimum of 36" (915 mm) high.

Some jurisdictions allow reduced height along the side of 
a stair, so the guard can be used as a handrail. Glazed guards 
may have special requirements.

A guard must be configured so that a sphere with a 4" (102 
mm) diameter cannot pass through any opening in the railing 
from the floor up to 34" (865 mm). From 34" to 42" (865 to 1070 
mm), the pattern may allow a sphere up to 8" (205 mm) in diam-
eter to pass. This is intended to prevent the head of an infant or 

Figure 5.11 Straight‐run stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 202

12'-0" (3.7 m)
maximum rise
without landing

IRC: 147" (3734 mm) 
max. vertical rise
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Figure 5.12 Quarter‐turn stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 202

Two flights may be unequal.

Figure 5.13 Half‐turn stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 202

Landing
depth 
equal to
stair 
width

Figure 5.14 Winding stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 203

11" (279 mm) 
min. at walkline
12" from 
narrow end 
of tread. IRC: 
min. 10" 
(254 mm)

Min. 10" (254 mm) within 
clear width of tread. IRC:
min. 6" (152 mm) 

Figure 5.15 Curved stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 203

Tread requirements
same as for winders

Smaller radius min.
twice width of stair,
with some exceptions

Figure 5.16 Spiral stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 203

Min. clear tread width 30" 
(762 mm). IRC: 26" (660 mm)

7-½" (191 mm) min. tread depth 
at walk line 12" (305 mm) from 
narrow end of tread.
IRC: 6-¾" (171 mm) min.

(a) Elevation

(b) Plan

Handrail height
min. 26" (660 mm)

Max. riser 9-½" (241 mm)

Min. headroom clearance 
6'−6" (1982 mm)

WInderS, curved, and SpIral StaIrS
Quarter‐turn and half‐turn stairs sometimes may use winders 
rather than a landing to conserve space when changing directions. 
(See Figure 5.14) The 2015 IBC does not permit winder treads in 
means of egress stairways except within dwelling units. Where 
allowed, winder treads typically require a minimum 11" (279 mm) 
tread depth at a walk line 12" (9.5 mm) from the interior curve, 
with at least 10" (254 mm) within the clear stair width.

The 2015 IBC requires curved stairs with winder treads to 
follow requirements for winders. (See Figure 5.15) The smallest 
radius is required to be at least twice the minimum width or 
required capacity of the stairway.

The 2015 IBC permits the use of spiral stairs as a compo-
nent in the means of egress only within dwelling units or from 
a space not more than 250 square feet (23 m2) in area and 
serving not more than five occupants, with some exceptions. 
(See Figures 5.16 and 5.17) Headroom clearance is required to 
be 78" (1981 mm) minimum, with riser height no more than 9½" 
(241 mm). The minimum stairway clear width at and below the 
handrail is required to be 26" (660 mm).
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Steel stairs are available as pre‐engineered and prefabricated 
components. Steel channels may be supported by beams, rest 
on masonry walls, or be hung on threaded rods from the floor 
structure above.

Treads for steel stairs consist of precast concrete, concrete‐
filled pans, bar grating, or flat plates with a textured top surface. 
Metal pipe handrails are often used with utilitarian steel stairs.

The ends and underside of steel stairs may be left exposed 
to view, or finished with gypsum board or metal lath and plaster. 
A stair can function like a sloped plane connecting one floor with 
another. Metal stairs may be noisy in use, and can be finished 
with resilient treads to dampen impact noise.

concrete StaIrS
A concrete stair is designed as an inclined slab with steps 
formed as an integral part of its surface. (See Figure 5.19) 
Load, span, and support conditions for concrete stairs require 
careful structural design. The stair slab thickness is related to 
the stair’s span, its horizontal distance between slab supports. 
Concrete stairs are reinforced with steel that may extend into a 
side wall. Handrails are either inserted in cast‐in‐place sleeves 
or attached with brackets to the stairs or a low wall.

Concrete stairs are finished with slip‐resistant nosings and 
treads. These may include cast metal nosing with an abrasive 
finish; metal, rubber, or vinyl treads with a grooved surface, or 
stone treads with an abrasive strip.

Figure 5.17 Spiral stair designed by Frank Gehry, Stata Center, 
Massachusetts Institute of Technology

Figure 5.18 Steel stair

Wood StaIrS
Wood stairs are supported by stringers or carriages that serve 
as inclined beams. Stringers are the sloping finish members 
that run along the sides of the staircase, providing endpoints 
for treads and risers. Carriages running under the treads and 
risers may be attached to a supporting beam, header, or wall 
framing. The number and spacing of carriages depends on the 
spanning ability of the tread material.

Steel StaIrS
Steel stairs are similar in design to wood stairs, with steel 
channels serving as carriages and stringers. (See Figure 5.18) 

Figure 5.19 Concrete stair 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 205

Maximum projection 1-1/4” (32 mm)

Steel reinforcement. 
Horizontal bars extend into 
side walls.

Riser profiles vary with stair design.

For more information on fire stairs, see Chapter 18, “Fire Safety 
Design.” Refer to the applicable building code to verify exit stair 
requirements.

exIt StaIrS

Stairs are an important part of the fire-safety provisions for 
a building. In a fire, elevator shafts can become conduits for fire 
and smoke. Firefighting ladders reach only to about the seventh 
floor of a building, and occupants of tall buildings must usually 
rely on stairs to get down from upper floors. This process can 
take hours in large and heavily occupied buildings.
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The minimum dimension of the landing in direction of travel 
is required to be equal to the width of stair, but need not exceed 
4 feet (1.22 meters) when the stair has a straight run. Intermedi-
ate landings shall not decrease in width along the direction of 
exit travel. Doors may not open onto stairs without a landing at 
least the width of the door.

ramps
Within a building, a ramp is a sloping floor or walk connecting 
two levels. (See Figure 5.20) A stepped ramp is a series of 
ramps connected by steps. A curved ramp is technically known 
as a helicline.

Ramps are designed to make travel from one level to another 
smooth and relatively unobstructed. Ramps require relatively 
long runs. If they are too steep or continue for too long without 
level resting areas, ramps become difficult or dangerous for 
people with mobility problems to use. Wheelchair ramps are 
limited to a rise of 1:12, but are more comfortable to use with 
a 1:20 rise. These translate to 12 feet and 20 feet in length for 
each inch in height.

Short, straight ramps act as beams and may be constructed 
as wood, steel, or concrete floor systems. Long or curved 
ramps are usually made of steel or reinforced concrete. Ramp 
surfaces should be stable, firm, and slip‐resistant.

ramp landIngS
The ADA sets requirements for ramp landings. Ramps should have 
level landings at least 60" (1525 mm) long at each end. A landing 
should be at least as wide as the widest ramp leading to it.

Where a ramp changes direction, a landing at least 60" by 
60" (1525 by 1525 mm) is required. Inserting landings into a 
long ramp allows it to bend back on itself. This allows the ramp 

Some stairs do not meet the strict requirements to be 
considered part of an exit, and are not designated as exit 
stairs, even though they may be very prominently located. 
In an emergency such as a fire, properly designed exit stairs 
provide safe ways out of the building and allow firefighters 
access.

Exit stairs, as defined by code, are the most common type 
of exit. An exit stair includes the stair enclosure, any doors 
opening into or exiting out of it, and the stairs and landings 
within the enclosure. The stair enclosure must meet fire rating 
requirements. All doors in an exit stair must swing in the direc-
tion of discharge.

The occupant load determines the required width of an exit 
stairway. It is based on the use group and the floor area served.

Exit stair requirements are similar to those for other stairs, 
but stricter. The 2015 IBC requires that exit stairways be enclosed 
in fire‐rated construction, and lead directly to the building’s 
exterior or via an exit passageway, with some exceptions. The 
IBC requires that exit stairways shall not decrease in width along 
direction of exit travel.

Code requirements for exit stairs are complex. Verify require-
ments for specific projects and jurisdictions with current codes.

Figure 5.20 Ramp
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Landings for change of direction min. 60" by 60" (1524 by 1524 mm).

Landing

Codes require that when fully open, the door must not 
intrude into the required width by more than 7" (180 mm). 
Riser heights are required to be a minimum of 4" (102 mm) and 
a maximum of 7" (178 mm) for new stairs. A minimum tread 
depth for new stairs is 11" (279 mm). The minimum headroom 
is 6′‐8". The minimum required headroom clearance is 80" 
(2.3 meters), with 12′ (3.7 meters) maximum vertical distance 
between landings.
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to be contained in a limited area rather than running throughout 
the space.

ramp curbS, guardS, and HandraIlS
Curbs, guards, or walls are required to keep people from slipping 
off a ramp. The 2010 ADA requires a curb or barrier that pre-
vents the passage of a 4" (100 mm) diameter sphere, where any 
portion of the sphere is within 4" (100 mm) of the finish floor.

Handrails are required along both sides of ramps with a 
rise of over 6" (152 mm) or a run greater than 72" (1829 mm). 

According to the 2010 ADA, the top of the handrail should be 
between 34" and 38" (864 and 965) above the ramp surface. 
Some ramps are provided with a second handrail at a lower level 
to accommodate wheelchair users. Handrails should extend at 
least 12" (305 mm) horizontally beyond the top and bottom of 
ramp runs.

We have now explored the basics of floor assemblies, 
interior walls, and stairs and ramps. In Chapter 6, we look at 
how windows, skylights, interior glazing, and doors link us to the 
outdoors and connect interior spaces.
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Windows and skylights control thermal radiation and offer day-
light and views. They also sometimes provide ventilation and 
affect how doors control entry and fire.

Twentieth‐century modernist buildings were often covered 
in poorly insulated glazing. Rather than designing for the envi-
ronment, architects and engineers used energy‐consuming 
mechanical heating and cooling to create the interior conditions 
they desired.

We can no longer afford the resources to sustain the 
construction and operation of buildings with poorly 
designed glazed areas habitable only through the use of 
active climate control systems. (Walter T. Grondzik and 
Alison G. Kwok, Mechanical and Electrical Equipment for 
Buildings [12th ed.], Wiley 2015, page 167)

Today, windows, skylights, and doors are designed to work 
with the building’s site conditions to deliver comfortable interior 
conditions with efficient energy use.

IntroductIon
Doors and windows connect the inside to the outside. A build-
ing’s windows have a huge effect on the appearance and func-
tion of interior spaces.

Windows and doors…are designed to allow controlled 
penetration of the wall’s environmental defenses. A door 
primarily controls the passage of people but often acts 
as a valve or filter for the selective passage of air, heat, 
animals, insects, and light. A window is one of the most 

fascinating of the building’s components. A standard 
residential window of the most common type allows for 
the simultaneous and independent control of natural 
illumination; natural ventilation; view out; view in; passage 
of insects; passage of water; and passage of heat – radiant, 
conducted, convected….To architects, the possibilities of 
a window are limitless. (Edward Allen, How Buildings Work 
[3rd ed.], Oxford University Press 2005, p. 255)

The types, locations, construction, thermal properties, and 
shading of windows are all concerns of the interior designer. 
Toplighting with skylights and clerestories bring daylight into 
building interiors. Door types and thermal performance are also 
important to interiors; their role in fires is critical.

The fenestration (arrangement of windows and doors) 
of a building greatly influences the amount of heat gain and 
loss as well as the infiltration and ventilation. The proportion of 
glass on the exterior affects energy conservation and thermal 
comfort.

Types of fenestration include windows at eye level and high-
er transoms (small windows above doors or other windows) 
above them, horizontal skylights, raised clerestory windows 
extending above adjacent rooftops, and roof monitors extend-
ing above the roof.

History
The first windows were merely holes in a wall, which were later 
covered with animal hide, cloth, or wood. Early glass windows 
in Alexandria, Egypt, around 100 ce let in some light but were 
not transparent. Shutters were later developed to protect and 
control their openings.

6
Windows and doors 
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The earliest doors on record are seen in Egyptian tomb 
paintings, where single or double doors are each made from 
a single piece of wood. In less arid environments, door panels 
were framed with stiles and rails to control warping.

WIndoWs
Windows admit clean air and control thermal radiation, air temper-
ature, and humidity. They provide access to view and daylight, and 
affect visual and acoustic privacy. Windows can control whether 
animals, and sometimes people, can enter or leave the building. 
They keep out water and can help control fire. Sunlight coming 
through a window affects the thermal qualities of surfaces. They 
sometimes channel communication between inside and outside.

When an architect designs a window for a building, he or she 
considers the window’s orientation, location, size, and propor-
tions. The design also addresses external shading devices, the 
window’s mode of operation, its material and frame, and the 
type of glass. Interior designers are often involved in the design 
of shades or shutters as well as types of interior window treat-
ments and their material and color.

Windows can be used to improve energy conservation by 
admitting solar thermal energy, providing natural ventilation for 
cooling, and reducing the need for artificial illumination. The 
proper amount of fenestration is determined by architectural 
considerations, the ability to control thermal conditions, the 
first cost of construction versus the long‐term energy and life‐
cycle costs, and the human psychological and physical needs 
for windows.

Windows do not generally provide for air filtering. Their use 
can have a significant impact on the functioning of mechanical 
heating and cooling systems.

Moving or changing the size of a window requires an awareness 
of structural issues, plumbing equipment such as vent stacks, 
and structural headers above the window.

Window selection
Factors to consider when selecting windows include operability, 
security, privacy, and cost. It is advisable to purchase windows 
that will last longer, be easier to operate, and make the interior 
more pleasant and comfortable.

Operable windows open to provide fresh air. They are of-
ten composed of many parts, each with its own name. (See 
Figure 6.1)

Windows may affect the location of equipment and furnish-
ings. The ability to reach above obstructions such as kitchen 
sinks should be considered. Where security is a concern, select 
security glass that is difficult to penetrate, plus high‐quality lock 
systems. Consider interior window treatments that are easy to 
adjust for privacy. Costs can vary a great deal, depending on fram-
ing material, size, quality of construction, and energy efficiency.

WIndoW codes and standards
Codes and standards typically prescribe a relationship between 
floor areas and fenestration area in residences, or between wall 
area and fenestration area in non-residential buildings. These 
requirements usually result in small windows, under the as-
sumption that the building relies on electrical energy for light-
ing, heating, and cooling. Using larger windows for daylighting 
may require proof of benefit of using on‐site, renewable energy 
resources. Code requirements may vary by climate zone and 
by jurisdiction.

Glazing materials must be strong enough to resist breaking 
due to wind loads and thermal stress. Codes require shatter‐re-
sistant glazing in certain circumstances. Local building codes 
specify glazing thickness for various conditions of height and 
wind speed. Federal Standard 16 CRF 1201 sets breakage per-
formance requirements. Tempered, laminated, or wired glass 
may satisfy these requirements. Manufacturers recommenda-
tions should be followed.

The 2015 IRC considers glazing in or adjacent to doors to 
be in a hazardous location where the bottom exposed edge of 
the glazing is less than 50"“ (1524 mm) above the floor and 
within 24" (610 mm) of a closed door or perpendicular to the 
hinged side of an in‐swinging door, with some exceptions. Fixed 
or operable window glazing is considered to be a hazardous 
location when the exposed area of an individual pane is greater 
than 9 square feet (0.836 m2) with the bottom edge less than 
18" (457 mm) and the top edge more than 36" (914 mm) above 
the floor, where a walking surface is within 36" (914 mm) of the 

Figure 6.1 Window parts
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glazing, with some exceptions. Additional requirements apply to 
glazing in guards and railings, adjacent to stairs and ramps, and 
in wet areas such as showers and saunas.

WIndoW Performance
The National Fenestration Rating Council (NFRC) has developed 
a standardized rating for window performance. Each window or 
skylight manufactured in the United States bears an NFRC label 
certifying that the window has been independently rated. The 
label carries a brief description of the product and lists U‐factor, 
solar heat gain coefficient (SHGC), and visible transmit-
tance (VT). Energy codes may use NFRC ratings as minimum 
requirements.

Air leakage (AL) is the amount of heat loss or gain that oc-
curs by infiltration through the cracks and openings in a window 
assembly. It is measured in cubic feet of air through a square 
foot of window area. A lower rating is better. The AL does not 
measure the air leakage between the window assembly and the 
wall after it is installed. Air leakage is optional on the NFRC 
label.

WIndoW orIentatIons
In the Northern Hemisphere, windows in internal‐load‐dominat-
ed spaces should open to the north or east. (See Table 6.1) 
Windows on the west should be kept as small as possible to 
avoid cooling load.

Window types
Windows may be fixed or operable. Operable window types in-
clude single- and double-hung, casement, hopper, awning, jal-
ousie, and sliding. (See Table 6.2 and Figures 6.2 and 6.3) Bay 
windows combine fixed and operable panes to project part of 
the interior space outward.

The type of window used affects natural ventilation. Hop-
per, awning, or jalousie windows deflect air vertically, up and 
over people’s heads. (See Figures 6.4, 6.5, and 6.6) They 
also keep out rain while admitting air, a benefit in hot, humid 
climates.

High windows are preferred for horizontal tasks to allow dif-
fuse light to penetrate the space. Low windows are best for 
vertical tasks, and for distribution of ground‐reflected light. 
Tall, narrow windows provide good light penetration, but can 

TAble 6.1 WindoW orienTATionS in TemperATe 
norTHern HemiSpHere
orientation description

North‐facing Lose radiated heat in all seasons, 
especially winter

East‐facing Gain heat very rapidly in summer when sun 
enters at very direct angle in mornings

South‐facing Receives low intensity solar heat most of 
summer day, due to higher angle of sun. In 
the winter, low sun angle provides sun all 
day long.

West‐facing Heats up warm building rapidly on summer 
afternoons, causing overheating, and can 
result in hot bedrooms at night.

TAble 6.2 TypeS oF WindoWS
Type description Comments

Single-hung Only bottom sash moves, may tilt for cleaning Air leakage may be higher than hinged windows

Double-hung Two sashes travel vertically in separate tracks or 
grooves

Maximum 50% ventilation at top and/or bottom; may 
tilt for cleaning

Casement Operating sash side hinged, usually swings outward Open fully for 100% ventilation, can direct breezes

Hopper Hinged at bottom Direct draft‐free ventilation in, up

Awning Hinged at top Draft‐free ventilation, some rain protection

Jalousie Opaque or translucent horizontal louvers pivot in 
common frame

Glazing strips direct flow of air; difficult to clean; used 
mostly in mild climates to ventilate with visual privacy

Sliding Two sashes (one slides) or 3 sashes (middle one fixed) 2 sashes: 50% ventilation; 3 sashes: 66% ventilation

Figure  6.2 Windows on Jason russell house, Arlington, 
massachusetts, 1740
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produce strong patterns of light and dark. Fixed windows pro-
vide view without ventilation, and are often used in interiors. 
(See Figure 6.7)

oPerable WIndoWs
The use of operable windows is coming back after years of fixed 
windows in large buildings. The open position of a window de-
termines how well it provides natural ventilation. The wind is 
deflected if it strikes the glass surface. To provide ventilation 
without drafts, wind needs to be kept away from people. To 
provide cooling, it needs to flow across the person’s body. Win-
dows with multiple positions offer control options.

Casement and pivot windows open the entire window area 
to airflow. Double‐hung, single‐hung, and sliding windows open 
only one‐half of the window area. Awning and hopper windows 
direct air up or down.

Although windows give occupants some control over a 
source of outdoor air, they generally do not filter air and may 
interfere with a central HVAC system’s attempts to regulate air-
flow and pressure.

Figure 6.3 Casement windows

Figure 6.4 Jalousie window

Figure 6.5 Awning windows

Figure 6.6 Hopper window
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Noise can be a problem with operable windows. Sealing for 
thermal purposes also helps improve acoustic properties.

In general, the placement level of most windows for com-
fortable ventilation is quite low, between 12” and 24” (305 to 
610 mm) above the floor for seated or reclining people. This 
may conflict with desirable heights for views.

Operable windows in a bathroom may compromise privacy 
or security. A single bathroom window may be inadequate to 
circulate air adequately to remove moisture. For ventilation, it 
is best to place the window high on a wall, as warm, moist air 
rises.

High windows are best for exhausting hot air near the ceil-
ing. High windows require mechanical or automatic operation. 
Transoms over doors allow ventilation flow throughout the 
space while maintaining visual privacy at lower levels.

Cross‐ventilation requires two openings, an inlet on the 
windward side of the building, preferably below the middle of 
the wall, and an outlet on the leeward side. The outlet’s position 
is not critical. The outlet should generally be at least as large 
as the inlet. Obstructions near the inlets and outlets can signifi-
cantly reduce wind velocity and its cooling effect.

For more information on ventilation, see Chapter 13, “Indoor Air 
Quality, Ventilation, and Moisture Control.”

Glazing
Glazing refers to the sheets (panes) of glass set into a window. 
Single glazing does not resist heat flow very well. Double glaz-
ing or a separate storm window is required for better thermal 
resistance (R‐value). An even higher R‐value can be achieved 
with a reflective coating or triple glazing.

Double glazing separated by ½" (13 mm) of air space reduc-
es heat loss over that of single glazing by 50 percent. A single 
glazed window plus a storm window 1" to 4" (25 to 102 mm) away 
will also produce a 50 percent reduction. Triple glazing generally 
reduces heat loss about one‐third more than double glazing.

Putting an inert (less conductive) gas such as argon or kryp-
ton into the air gap between sheets of glazing greatly reduces 
heat transfer by convection within the air gap. This results in 
warmer interior surfaces and less condensation and lowers the 
U‐factor.

GlazInG materIals
The selection of glazing materials depends on factors includ-
ing light transmittance, thermal performance, sound reduction, 
strength and safety, aesthetic considerations, and life‐cycle costs.

Window glass radiates heat to both interior and outdoor 
surfaces. (See Figure 6.8) Ordinary window glass can transmit 
over 80 percent of solar infrared radiation (IR) and absorb most 
of the longer IR from sun‐warmed interior surfaces. Most of the 
absorbed heat is lost by convection to the outside air in cold 
weather, but the glazing prevents most of the sun‐warmed inte-
rior air from passing back outside. Insulating glass consists of 
multiple layers of glass with air spaces between them.

Different glazing materials are often required depending 
on the orientation of the window. (See Tables 6.3 and 6.4)  
light‐to‐solar‐gain (lSG) is the ratio between the solar heat 
gain coefficient (SHGC) and visible transmission (VT). It is used 
to compare the efficiency of different glass or glazing types 
in transmitting daylight while blocking heat gains. The higher 
the number, the more light is transmitted without adding too 
much heat.

Figure 6.7 Fixed window section 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 180 

Stationary frame
and glazing

Figure 6.8 Glazing and heat flow 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated, Third Edition, Wiley 2012, page 188 
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TAble 6.4 GlAzinG mATeriAlS
Glazing Type Use/description

Ordinary window glass
 

Single- and double-glazed windows, doors, skylights. Transmits about 80% of IR solar radiation. 
Absorbs most longer‐wave IR from interior surfaces, keeps heat inside.

Tinted or colored glass Modifies view. Reduces brightness but not glare. Higher illumination on one side provides privacy on 
other.

Heat‐absorbing glass Gray or brownish. Absorbs about 50% of solar heat, about half of which is reradiated into building’s 
interior.

Reflective glass Reflects most solar radiation, reduces brightness. May produce glare and can overheat adjacent 
buildings.

Shatter‐resistant glass Tempered, laminated, or wired glass, some plastics. May be required by code.

Plastic glazing (acrylic and 
other)

Translucent, transparent, corrugated, or tinted glazing with transmittance values between 10% and 
97% and reflective values from 4% to over 60%. Some may scratch or degrade.

TAble 6.3 WindoW orienTATion And GlAzinG (norTHern HemiSpHere)
orientation Climate Glazing material performance

South Winter heat gain desired High solar heat gain low‐e glazing

Winter heat gain not needed High LSG, low‐e glazing

East and west: minimize glazing area Cold climates Low LSG low‐e glazing

Hot climates Low visible transmittance selective low‐e glazing

North All climates High visible transmittance low‐e clear glazing

Safety glazing is required for any window that could be mis-
taken for an open doorway. Any window area greater than 9 
square feet (0.84 meters2) and located within 24" (610 mm) of 
a doorway, or less than 60" (1524 mm) above the floor must be 
safety glazed with tempered glass, laminated glass, or plastic. 
The type and size of glazing allowed in fire‐rated walls and cor-
ridors is also regulated.

For more information on windows and fire safety see Chapter 
18, “Fire Safety Design.”

The color of glazing can be critical for certain functions. 
Artists’ studios, showroom windows, and community building 
lobbies all require high quality visibility between the interior and 
exterior. Warm‐toned bronze or gray glazing can affect the in-
terior and exterior color scheme. Tinted glazing controls glare 
and excess solar heat gain year round, decreasing solar heat 
gain in winter as well as summer. Tinting can provide some pri-
vacy from the street for occupants, while allowing some view 
out when the illumination outside is substantially higher than 
inside during the day. This effect may be reversed at night, put-
ting occupants on display.

Dynamic glazing systems change in response to light, heat, 
or electricity. (See Table 6.5) Research continues on new prod-
ucts and applications.

GlazInG and sound transmIssIon
The sound insulation property of glass depends on its thickness 
and area. Multiple sheets of heavy glass of differing thicknesses 
mounted in resilient gaskets and not parallel to each other pro-
vide the highest level of sound insulation. The plastic interlayer 
in laminated glazing dampens sound vibrations between the 
glass faces on either side.

An open window reduces sound significantly less than a 
typical cavity wall. The limited acoustic insulation provided by a 
closed single‐glazed window can be increased with a tightly fit 
sash; heavier glass provides even more improvement. Double 
or triple glazing improves acoustic performance significantly. 
Acoustic windows designed specifically to limit sound transmis-
sion combine laminated glass with a generous air space and 
insulation. (See Figure 6.9)

VIsIble transmIttance
High-quality light transmittance is important for spaces such as 
showroom windows and artists’ studios. Commercial building 
lobbies and restaurants benefit from good visibility between the 
interior and exterior.

The visible transmittance (VT) of a window is influenced by 
the glass color (with clear the highest), coatings, and the num-
ber of glazings. VT ratings range from 0 to 1; the greater the VT 
rating, the greater the daylight transmission.
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A VT rating is based on the whole window including the 
frame. Most double- and triple-pane windows have a VT level 
between 0.30 and 0.70. Some types of glazing coatings reduce 
the SHGC, which considers the full light spectrum, but not the 
VT, which considers only visible light (measured as the (LSG). 
The greater the LSG, the better the window will transmit day-
light in hot climates.

Window frames
Window frames are typically made of wood, vinyl (polyvinyl chlo-
ride), fiberglass, or aluminum. (See Table 6.6)

The window’s dimensions affect its energy performance. 
The glass, low‐e coating, and gas fill work better at conserving 
energy than the edge spacer, sash, and frame, so the center is 
actually more efficient than the edges of the window. True divid-
ed lights (many small panes, each in its own frame) have a great 
deal more edge area per window, and are much less efficient.

With double or triple glazing, heat can be lost through edge 
spacers. High performance windows use edge spacers with 
thermal breaks, which also keep out moisture to prevent con-
densation inside the window.

Deep windowsills reflect light indoors, but are a potential 
source of glare.

condensatIon resIstance
The interior surface of an energy efficient window will stay 
warmer, and is less likely to produce condensation. The NFRC 
label’s U‐factor and air leakage ratings aid in selection.

The condensation resistance (Cr) is a number from 1 to 
100; a higher number indicates greater resistance to condensa-
tion. Condensation resistance rating is optional on the NFRC 
label.

storm Windows and screens
Old windows can be extremely inefficient. A separate unit—a 
storm window—can cut conduction and infiltration almost in 
half. Window screens keep out insects, but affect both ventila-
tion and visibility.

storm WIndoWs
A storm window is a separate sash added to a single‐glazed 
window. A single sash with insulated glazing plus a storm win-
dow results in one‐third as much heat transmission and half as 
much infiltration.

There are various types of storm windows. (See Table 6.7) 
Exterior removable or operable glass or rigid acrylic storm win-
dows are more common and more efficient than interior styles. 
Storm/screen units are available with low‐e coatings on the 
glass.

TAble 6.5 dynAmiC GlAzinG SySTemS
Glazing Type description

Photochromic glazing Changes transparency response to UV light using integral compounds or film. Typically used to 
provide shading.

Thermotropic glazing Reflective, absorbing, or light scattering types change transparency in response to temperature.

Polymer dispersed liquid 
crystal (PDLC)

Electricity applied to layer of liquid crystals in laminated assembly aligns (transparent) or scatters 
(translucent) light. Used primarily for interior privacy control.

Suspended particle 
device (SPD)

Similar to PDLC glazing. Electrically conductive glass‐plastic laminate; can also be used in insulating 
glass units with low‐e glass.

Dispersed particle 
glazing

Electricity applied to change transparency in range from clear to dark states while preserving view

Electrochromic glazing Electrical stimulus used to change VT and SHGC continuously from highly transparent to highly tinted.

Sunlight‐activated glazing Continuously changes tint level, VT, and SHGC based on amount absorbed sunlight. Uses polyvinyl 
butyral (PVB) film.

Figure 6.9 Acoustic window
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WIndoW screens
Insect screens decrease airflow by around half. Larger openings 
may be required for adequate ventilation. Screened‐in porches 
are an effective option.

Pet-proof window screens claim to be resistant to tears and 
damage caused by household pets. However, a really deter-
mined cat can rip through them to escape.

thermal transmission
Windows and doors account for about one‐third of a home’s 
heat loss, with windows contributing more than doors. Windows 
should be replaced, or at least undergo extensive repairs, if 
they contain rotted or damaged wood, cracked glass, missing 
putty, poorly fitting sashes, or locks that do not work.

Glass conducts heat very efficiently. Windows and skylights 
are typically the lowest R‐value component of the building en-
velope, allowing infiltration of outdoor air and admitting solar 
heat. They are much less thermally resistant without some kind 
of adjustable insulation.

Where there are windows, the temperature inside the 
building is strongly affected by the exterior temperature. 

Glazed areas at the perimeter of the building cool adjacent 
interior air in the winter, with the cooler, denser vertical layer 
of air along the glass dropping to the floor to create a carpet 
of cold air. The inside and outside surfaces of a pane of glass 
are around the same temperature, which is in turn about half-
way between the indoor and outdoor temperatures. In walls 
with a lot of glazing, the interior surface and air temperatures 
approach the exterior temperature.

In order to conserve energy, building codes and standards 
prescribe relatively small windows in relationship to residential 
floor areas and commercial wall areas unless the designer can 
prove a significant benefit. Large glass areas for daylighting in-
crease heating requirements, but use less electricity for light-
ing. Less exposed glazing is needed for daylighting in summer 
than in winter. Increasing insulation in walls or roofs may also 
justify more glass areas.

solar Heat GaIns
Solar heat gain through fenestration comes from transmission 
of heat by conduction due to the difference between indoor and 
outdoor air temperatures during the day, as well as by solar 
radiation transmitted through a glazed opening and absorbed 

TAble 6.6 WindoW FrAme TypeS
Frame Type description performance

Wood frames Historic material. Remains warm to the touch in 
winter, stays at room temperature in summer.

Good thermal properties. Moderate insulator. 
Requires staining or painting unless clad with vinyl 
or aluminum.

Vinyl (PVC) frames Hollow or foam‐filled; with fiberglass insulate well. Painting not usually required; maintenance‐free. 
Not a sustainable material.

Fiberglass frames Fiberglass composite; foam‐insulated frames also 
available

Strong, durable, resists UV. Powder‐coat finish for 
easy care. Insulates like wood.

Aluminum frames Lightweight. Must have thermal break or  
conducts heat rapidly.

Maintenance‐free. Slowly oxidizes to a dull, pitted 
appearance. Recyclable.

Combination frames Mixed materials designed to provide optimal 
performance.

Example: Vinyl on exterior and wood on interior.

Composite frames Materials blended together during manufacturing 
process.

Durability, low maintenance, good insulation 
properties.

TAble 6.7 STorm WindoW TypeS
Type description

Plastic film taped to inside of window frame Simplest, inexpensive, lasts 1 to 3 years. Plastic is heated with 
blow dryer to shrink tight, can tear.

Interior aluminum frame and 2 sheets of clear glazing film  
with air layer

Secondary air layer between existing window and storm window. 
Fasteners screwed into sash or molding.

Exterior aluminum frame Should be tightly sealed where mounted to window casings, with 
caulk in all cracks. Do not seal weep holes at bottom.

Exterior wood‐framed storm windows Older storm windows can be repainted and reused. Separate 
screens are taken up and down yearly.
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within the space. The latter occurs whenever there is a tempera-
ture difference, whether the sun is shining or not.

The solar component of building heat gain depends on the 
orientation of the fenestration, the area of and numbers of lay-
ers of glazing, and the shading effects of nearby structures and 
shading devices. Reflective surfaces such as water, sand, or 
parking lots to the south, east, or west (Northern Hemisphere) 
of the building also affect heat gains. Cloudiness is also a factor.

Solar heat gain is a desirable quality for passive solar heat-
ing, but is undesirable when you want to prevent overheating in 
the summer. Energy efficient windows can reduce the cost of 
the building’s HVAC by minimizing the influence of outside tem-
peratures and sunlight. This also reduces maintenance, noise, 
and condensation problems.

WeatHerstrIPPInG
Weatherstripping all window edges and cracks is a quick 
and inexpensive way to improve window thermal transmission. 
Weatherstripping provides a seal against windblown rain and 
reduces infiltration of air and dust. It also helps block acoustic 
transmission.

The material chosen should be durable under extended use, 
non‐corrosive, and replaceable. The upper sash of a double‐
hung window can be permanently caulked if it is not routinely 
opened for ventilation. Weatherstripping is made of vinyl, metal, 
felt, foam, silicone, or other materials in many configurations. 
More than one type of weatherstripping may need to be used in 
a given application.

WIndoW u‐factors and r‐Values
Windows and skylights have the lowest R‐value (and the highest 
U‐factor) ratings of all the building envelope components. They 
are chiefly responsible for the infiltration of outdoor air. A U‐value 
is the inverse of an R‐value, which indicates the level of insula-
tion, so a low U‐value correlates to a high R‐value. (See Table 6.8)

The National Fenestration Rating Council (NFRC) was estab-
lished in 1992 to develop procedures that determine the U‐ factor 
of fenestration products accurately. The U‐value measures how 
well a product prevents heat from escaping a building. U‐value 
ratings generally fall between 0.20 and 1.20. The smaller the 
U‐value, the less heat is transmitted. The U‐value is particularly 
important in cold climates.

Ratings involve detailed descriptions of specific window 
constructions. Windows often exhibit differences in heat flow 
rates between the center of the glass, the edge of the glass, 
and the frame. The size of the air gap, type of coating and gas 
fill, and frame construction all affect the U‐factor.

Designers, engineers, and architects can evaluate the energy 
properties of windows using their U‐values. Ratings are based on 
standard window sizes, and intended to compare windows of the 
same size.

Refer to Chapter 2, “Designing for the Environment,” for more 
information on U‐factors.

solar Heat GaIn coeffIcIent (sHGc)
The U‐factor tells you how much heat will be lost through a given 
window. The NFRC also provides solar heat gain ratings for win-
dows that look at how much of the sun’s heat will pass through 
into the interior. The solar heat gain coefficient (SHGC) value 
looks at the performance of the entire glazing unit rather than 
just at the glass itself.

Solar heat gain is good in the winter when it reduces the 
load for the building’s heating equipment. In the summer, added 
solar heat increases the cooling load. The SHGC is a number 
from 0 to 1.0. The higher the SHGC, the more solar energy 
passes through the window glazing and frame.

A high SHGC (such as 0.9) indicates poor resistance, which 
is desirable for solar heating applications. A lower SHGC (such 
as 0.2) indicates good resistance, and would be a good choice 
where cooling is the issue. The SHGC depends on the type of 
glass and the number of panes as well as tinting, reflective coat-
ings, and shading by the window or skylight frame.

National Fenestration Rating Council (NFRC) testing does not 
include related elements such as draperies, building overhangs, 
and trees. The IRC recommends window SHGC levels based on 
climate zones.

HIGH-Performance WIndoWs
Windows installed prior to the 1980s had the greatest heat flow 
rate; many of these windows are still in use. However, in today’s 
buildings, the highest rate of heat flow is more likely to be from 
outside air infiltration, or from deliberate ventilation.

TAble 6.8 CompArATiVe WindoW THermAl 
reSiSTAnCe
Glass Type Subtype r‐Value

Single glass Without storm window 0.91

With storm window 2.00

Double-insulating glass 3/16” air space 1.61

1/4” air space 1.69

1/2” air space 2.04

3/4” air space 2.38

Insulating glass 1/2” With low‐e film 3.13

With suspended film 2.77

With 2 suspended films 3.85

With suspended film 
and low‐e

4.05

Triple-insulating glass 1/4” air space 2.56

1/2” air space 0.29

Addition for tight fitting drapes or shades, or 
closed blinds

3.23
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The development of high-performance superwindows com-
bine and refine features such as multiple layers of glazing, multi-
ple low‐e coatings, and low‐conductivity gases. These advances 
have produced excellent results, but the drive for the ultimate 
high-performance window has leveled off. (See Figure 6.10)

The cost of high‐performance superwindows has slowed 
their acceptance for energy‐efficient design. Instead, designers 
are turning to climate‐specific solutions that consider the whole 
building and its environment rather than just the windows.

WIndoW fIlms
Plastic films designed to be glued to the inside face of window 
glass have the same properties as reflective and absorptive 
glass. (See Table 6.9) During the winter, films reflect interior heat 
back inside, reduce drafts from cold glass surfaces, and allow 
higher relative humidity without condensation. Window films are 
available that will block up to 99 percent of the sun’s UV rays, 
which are the single largest cause of fading. Films increase the 

shatter‐resistance of window glass. They should generally not 
be used on thermal pane or self‐insulating windows, as they can 
cause the glass to crack with thermal expansion and contrac-
tion. For the same reason, tinted films should not be applied to 
tinted glass or to very large areas of glass. Plastic window films 
have a relatively fragile surface and limited service life.

During the winter, tinted windows reflect radiated heat back 
inside the room, and improve the room’s operative tempera-
ture. They also reduce drafts due to cold glass surfaces.

loW‐emIttance coatInGs
low‐emittance (low‐e) coatings consist of thin, transparent 
coatings of silver or tin oxide that allow the passage of visible 
light while reflecting IR heat radiation back into the room, reduc-
ing the flow of heat through the window. They are applied to one 
glass surface facing the air gap. The nearly invisible metallic 
coating blocks radiant heat transfer. It also reduces UV rays to 
protect carpets and furnishings from fading.

Low‐e films are classified as hard‐coat or soft‐coat. Hard‐
coat films are durable and less expensive, but less effective. 
Soft‐coat films are more expensive and have better thermal per-
formance.

A building may need different types of low‐e coatings on 
different sides of the building. (See Table 6.10) The south side 
(Northern Hemisphere) may need low‐e and high solar heat gain 
coatings for passive solar heating, while the less sunny north 
side may require the lowest U‐value windows possible.

shading and solar control
Unshaded glazing can collect unwanted solar heat, resulting in 
money and energy being spent for mechanical cooling without 
achieving thermal comfort. Exterior shading blocks the sun’s 
rays from entering the building and heating its interior.

Summer shading of windows, walls, and roofs can be pro-
vided by other structures, shading elements integral to the build-
ing, or surrounding vegetation. Roof overhangs, screens, and 
fins are effective. Planting shade trees and installing deep aw-
nings over windows can help. However, trees may grow too large 
and will eventually die, and so require planning for the future.

sHadInG
Shading is beneficial to an entire building, and is crucial for 
windows. The required period for a given building depends on 
both the climate and the nature of the building. Sun shading can 
reject most solar heat gains while aiding in distributing daylight 
deep into buildings. Shading is often able to cut cooling loads 
in half.

Vertical windows must be shaded from direct solar radiation 
and often from diffuse radiation, especially in humid, sunny cli-
mates. Reflected solar radiation in sunny climates and in urban 
areas, especially where highly reflective surfaces predominate, 
requires shading as well. Additional indoor shading devices or 
shading within glazing may be needed to control diffuse solar 
radiation.

Figure 6.10 Solar heat control window
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TAble 6.9 plASTiC WindoW FilmS
Type description

Reflective films Used for tinted one‐way mirrors

Darkening films Produce an effect similar to 
sunglasses

Silver or gold tinted 
films

Block slightly more radiant energy 
than visible light; silver reflects up to 
80% of solar radiation

Bronze or smoke films Block almost as much visible light as 
radiated heat; intercept more solar 
radiation than silver films

Selective transmission 
films

Admit most solar radiation, reflect 
long IR radiation from warm objects 
back into room better than ordinary 
glass; available as sheets for existing 
windows
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In the Northern Hemisphere, shading is most important for 
windows that are facing south, east, or west. Northern windows 
often also need to be shaded from the direct summer sun low 
in the sky both early in the morning and near sunset. Horizontal 
overhangs are probably the most effective shading device for 
south‐facing windows in the summer.

East and west windows must be shaded in tropical latitudes. 
An overhang is necessary to fully shade an east or west window. 
The overhang must be much longer than on a south window, and 
should be backed up by interior treatments.

exterIor sHadInG deVIces
Exterior shading of glazing cuts off direct solar rays, allowing 
only diffuse light through. (See Table 6.11) As a result, it can 
reduce solar heat gain to the space by up to 80 percent.

Plants used for exterior shading include live vines. Vines can 
be supported by strong wire, a lath grid or lattice, wire mesh, 
plastic netting, chain link fencing, or fishnet.

Fixed exterior shading devices are typically the responsibil-
ity of the building’s architect. Exterior fixed shading can offer 
benefits of simplicity, low cost, and low maintenance. If fixed 
sunshades are applied equally to all façades, they may block 
sun in spring (when it is needed) as well as in autumn (when it 
is not).

Overhangs decrease light levels near windows for more 
uniformity throughout the space. Louvered or translucent over-
hangs block direct sun glare and allow more diffuse illumination 
to enter the interior.

InterIor sHadInG deVIces
Interior shading absorbs around 80 percent of solar energy 
that comes through the window. Interior shading devices are 
generally easier to adjust and accumulate less dirt than exte-
rior ones, and do not have to deal with weathering. Interior 
shades, blinds, and curtains largely absorb solar radiation 
and convert it to convected heat in interior air, while shad-
ing occupants and furniture inside the building. Draperies can 
become part of a heat trap that radiates heat to the interior in 
hot weather. Interior window treatments are relatively ineffec-
tive in reducing solar heating of air inside a building, but effec-
tive in reducing high radiant heat gain and glare from direct  
sunlight.

Interior shading devices can provide privacy, glare control, 
and insulation, and can improve the appearance of interior spaces. 
(See Table 6.12)

They also help prevent the appearance of a black hole when 
looking out a window at the dark outside view.

Interior shading devices allow their operation by room occu-
pants. (See Figure 6.11) The exterior surface of interior window 
treatments should be reflective for maximum effectiveness.

The color of shades and blinds affects their function. Light‐
colored reflective shades are more effective than dark ones in 
keeping out unwanted solar heat. Blinds with white or mirrored 

TAble 6.10 loW‐e CoATinGS
Coating Type description Use

High‐transmission Coating on inner glazing traps outgoing IR radiation Cold climates for passive solar heating

Selective‐
transmission

Coating applied as separate sheets; can be applied to 
existing windows

Blocks incoming IR, retains heat emitted by 
objects; high visible light; winter heating, summer 
cooling

Low‐transmission Coating on outer glazing rejects solar heat gain May use tinted exterior glazing for lower light 
transmission

TAble 6.11 exTerior SHAdinG deViCeS
device Comments (northern Hemisphere)

Horizontal panel 
overhang

Can trap hot air. Wind and snow load 
problems. South, east, west façades.

Horizontal louvers in 
horizontal plane

Allows air movement, small scale, 
economical. South, east, west façades.

Horizontal louvers in 
vertical plane

Shorter length required. Restricts 
view. South, east, west façades.

Vertical panel 
overhang

Allows air movement, view restricted. 
South, east, west façades.

Vertical fin Restricts view if on east or west. 
North façade.

Exterior insulating 
operational shutters

Hinged, sliding, folding, or bi‐fold 
configurations. Require mechanical 
operation for adjustment.

Awnings Durable, attractive, easy to adjust; 
manual or automated operation. Can 
be difficult to maintain.

Light shelves Reflect sun and sky light toward 
interior ceiling to increase indirect 
distribution and depth of penetration. 
South.

Exterior roller  
shades

Fabric shades provide security and 
shade.

Outdoor venetian 
blinds

Excellent daylight control.
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finishes work best for heating, cooling, and daylighting. The side 
of venetian blinds facing the glazing should be white, to reflect 
solar radiation back out.

Diffusing shades and curtains can become so bright when 
illuminated by direct sunlight that they become sources of glare 
themselves. This problem can be reduced with off‐white fabric 
or by adding opaque drapery.

It is important to check the proposed type, size, and mount-
ing of window treatments to verify that they will not create a 
problem with the HVAC system.

Both draperies and shutters require storage space when 
they are not in place across the window. An airtight seal around 
the edges keeps thermal performance high and prevents con-
densation from forming. (See Figure 6.12)

toPlIGHtInG and skylIGHts
Windows at eye level provide views, but also can be sources of 
intense heat and glare. Toplighting involves the use of open-
ings in the roof, while sidelighting is provided by vertical win-
dows in walls.

For more information on toplighting and sidelighting, see Chap-
ter 17, “Lighting Systems.”

toplighting
Toplighting comprises skylights, roof monitors, light pipes, and 
clerestories.

TAble 6.12 inTerior SHAdinG deViCeS
device description

Venetian blinds Reduce intensity and redistribute 
light. Block low east/west sun angles. 
Available with perforations and 
between sheets of glass.

Insulating shutters Hinged, sliding, folding, or bi‐fold. 
Require storage area and airtight 
seal. Can act as rigid window 
insulation.

Roller shades Diffuse direct sunlight, eliminate glare, 
increase uniformity of illumination. 
Mounting shades to pull up from 
bottom blocks glare.

Insulating shades Layers of air‐ and moisture‐tight 
fabric with internal solar barrier; 
ultrasonically welded. Need tight seal 
against wall.

Fiberglass mesh 
shades

Designed to intercept specific percent 
of sunshine. Fairly long life spans. 
Control brightness while leaving view 
to outside.

Roman shades Can be made of insulated materials 
with decorative surface.

Cellular honeycomb 
shades

Mounted in tracts to move horizontally 
or vertically on flat or curved surfaces. 
Motor or manual operation. Improve 
R‐values in winter.

Draperies Levels of privacy depend on color and 
tightness of weave. Locate to avoid 
interference with HVAC equipment.

Insulating draperies Foam or other insulating backing 
allows use as thermal barriers. Can 
be fitted into tracks.

Light shelves When positioned just above eye level, 
can help control glare. Increase the 
depth of daylight penetration zone.

Figure 6.12 Thermal shade

Seal at edges
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Figure 6.11 roman shade
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Toplighting provides high-quality and high-quantity illumination 
over a large area. It is used in buildings where view and orientation 
are supplemented by windows below. It is usually advisable to 
diffuse toplighting to eliminate bright sources and glare. Toplight-
ing can be diffused by reflecting light off the ceiling, or by using 
baffles or banners to shield and diffuse light sources.

High windows and toplighting are usually more effective 
than lower windows, and are most valuable where light but not 
view is needed. High windows are more secure, free up wall 
space below them, and distribute illumination more uniformly to 
all walls and to the interiors of low buildings.

skylIGHts
Skylights allow sunlight to be used for dramatic effects in lob-
bies, lounges, and other areas without critical visual tasks. 
When a skylight is placed high in a space, light is able to dif-
fuse before it reaches floor level, preventing glare within the 
occupants’ field of view. Placing the skylight near a wall aids 
diffusion, making the space appear brighter, larger, and more 
cheerful.

Traditional skylights are designed like standard windows. 
Many have fixed glazing, but operable roof windows are also 
available. Operable skylights or roof windows allow hot air to es-
cape in warm weather. (See Figure 6.13) Building codes require 
horizontal and vertical clearance from plumbing vents. Skylights 
are NFRC labeled.

Splayed openings increase the apparent size of skylights, 
and provide better light distribution while diffusing glare. Adding 
an opaque bubble to a skylight shields the glass and provides 
some insulation. High‐quality products and high‐quality installa-
tion are important to prevent problems such as leaks.

Horizontal skylights gain the most solar heat in the summer, 
when the sun is overhead, and the least in the winter, when 
the sun angle is lower. They should be avoided in climates that 
require artificial cooling, unless they can be shaded. Horizon-
tal skylights are most effective for daylighting when the sky is 
overcast.

Skylights can accommodate accessories, including sun‐
blocking shades, pleated shades, Venetian blinds, and roller 
shades. Skylight shades use a track that can be surface mounted 

or recessed into the opening of the frame. Some styles instead 
use hook‐and‐loop attachments where the window shade does 
not have to be opened and closed frequently.

Skylights that have a smaller area tend to have higher U‐
factors, indicating higher heat flow. It is advisable to specify 
the frame with the best thermal performance when selecting 
smaller skylights.

Skylights are glazed with acrylic or polycarbonate plastic, 
or with wired, laminated, heat‐strengthened, or fully tempered 
glass. Building codes limit the maximum area of each glazed 
skylight panel. Codes may also require wire screening below 
glazing to prevent broken glass injuries when wired glazing, 
heat‐strengthened glass, or fully‐tempered glass is used in mul-
tiple‐layer glazing systems. There are exemptions to these regu-
lations for individual dwelling units.

Skylights can be made with diffusing or translucent materi-
als that reduce contrast, but these should not be used where 
the sparkle of sunlight is desirable as in an entrance hall.

Good-quality manual or automatic controls for skylights 
with operable louvers help maintain daylighting illumination at 
a constant level, and also can block light when needed, such as 
for audiovisual presentations.

otHer toPlIGHtInG strateGIes
Clerestory windows are high windows above eye level. (See 
Figure 6.14) Much of their light is reflected off the ceiling. They 
can be glazed with translucent materials, as view is less impor-
tant. Light scoops are clerestory windows facing in a single 
direction, with the opposite side curved to reflect light down 
into interior space.

Tubular daylight devices (tubular skylights) use a light 
shaft that provides surface reflection, capped with a clear sky-
light. (See Figure 6.15) A diffusing lens increases light distribution.

light pipes are hollow, duct‐like light guides that transport 
daylight, electric light, or fiber‐optic lighting in pipes made of 
prismatic plastic film. They transmit light by total internal reflec-
tion. Used as skylights, a roof‐mounted plastic dome captures 
sunlight that passes down a reflective tube that stretches from 

Figure 6.13 operable skylight 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 181 

Roof

Splayed sides

Figure 6.14 Clerestories above bookcase 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 189 
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TAble 6.13 r‐VAlUeS For exTerior doorS
material Type (mm) r‐Value

Wood Hollow core flush 1¾" (44 mm) 2.17

Solid core flush 1¾" (44 mm) 3.03

Solid core flush 2¼" (57 mm) 3.70

Panel door 1¾" (44 mm) with 7/16"  
(11 mm) panels

1.85

Storm door with 50% glass 1.25

Metal Storm door 1.00

Insulating door 2" (51 mm) with 
urethane

15.00

the dome to the interior ceiling. A ceiling‐mounted diffuser 
spreads the light around the room. Installation is relatively sim-
ple. Light pipes are used to supply light in hallways, closets, and 
other spaces.

Roof monitor windows reflect daylight into a space. (See Fig-
ure 6.16) The light enters a scoop‐like construction on the roof 
and bounces off the surfaces of the monitor opening and down 
into the space. Mirror systems using a periscope‐like device 

can bring daylight and views underground by reflecting them 
down through the space. Roof monitor windows usually face in 
more than one direction and are operable.

doors
Doors control the entry of people and animals and direct move-
ment through the building. They provide emergency egress and 
help control building fires. They help create visual and acoustic 
privacy. Doors can also provide clean air and control air tem-
perature, humidity, and airflow. They sometimes provide chan-
nels of communication and useful surfaces.

thermal Performance
The National Fenestration Rating Council (NFRC) has established 
a rating procedure for determining the thermal performance of 
doors and sidelights, as they have for windows. A permanent 
label attached to the edge of the door slab lists the certi-
fied U‐factor. A temporary label also appears on the face of the 
door. The energy rating is listed as a U‐factor, the rate of heat 
loss; higher numbers mean more heat loss. R‐values are also 
available for exterior doors. (See Table 6.13)

The thermal performance of exterior doors is important. 
The thin film of air that forms on the inside surface of a closed 
door resists the passage of heat through the door. When this 
film is disturbed by forced‐air supply registers or return grilles, 
the door’s thermal effectiveness is compromised.

exterior doors
A building’s exterior doors make a strong statement about 
the building’s function and occupants. Both their interior and 
exterior appearance should be considered. A sturdy door 
with break‐resistant glass and a high-quality lock system will 
enhance security.

Doors contribute to building heat loss, and vary in their en-
ergy efficiency. Those filled with foam insulation provide better 
resistance to heat loss than solid wood doors. Doors set in entry 

Figure 6.15 Tubular daylight device
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Figure 6.16 roof monitor window
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vestibules help to keep indoor air from mixing with outdoor air. 
This helps to control the interior environment, and reduces the 
amount of unconditioned air that must be heated or cooled.

Larger door openings, especially into residential kitchens, can 
make it feasible to bring in large equipment.

WeatHerstrIPPInG
Storm doors added to old, uninsulated metal or fiberglass doors 
may be ineffective. Weatherstripping improves insulation and 
acoustic separation. It is often supplied and installed by manu-
facturers of sliding glass doors, glass entrance doors, revolving 
doors, and overhead doors. Weatherstripping is available made 
of felt, foam, vinyl, rubber, or metal.

The entire perimeter of the door should be weather-
stripped, with a door sweep at the bottom of the door. A door 
sweep is made of aluminum or stainless steel with a brush, 
and located on the interior bottom of an in‐swinging door or 
the bottom of the exterior side of exterior‐swinging door. An 
aluminum door shoe with a vinyl insert seals the space under 
a door and sheds rain. Thresholds combined with weatherstrip-
ping are also available.

Weatherstripping applied to a door bottom or threshold 
could drag on carpet or break down due to foot traffic. An 
automatic door bottom is a horizontal bar at the bottom of a 
door that drops automatically when the door is closed to seal 
the threshold to air and sound.

reVolVInG doors
Revolving doors are typically used as entrance doors in large 
commercial and institutional buildings to provide a continuous 
weather seal, eliminate drafts, and minimize heating and cool-
ing losses. (See Figure 6.17) They typically consist of three or 
four leaves that rotate on a central vertical pivot, all enclosed in 
a cylindrical vestibule.

Revolving doors typically comprise a 6’‐6” (1980 mm) diam-
eter revolving door, with a 7’‐0” (2135 mm) diameter door used 
in high traffic areas. Some revolving doors have leaves that au-
tomatically fold back in the direction of egress when pressure is 
applied, providing a passageway on both sides of the door pivot. 
The 2015 International Building Code (IBC) requires that each re-
volving door shall have a side‐hinged swinging door in the same 
wall and within 10 feet (3048 mm). Other restrictions also apply.

The revolving door’s enclosure may be made of metal, or 
of tempered, wire, or laminated glass. Door leaves are made 
of tempered glass with aluminum, stainless steel, or bronze 
frames.

Interior doors
A room may have multiple door openings into adjoining spaces; 
it is not uncommon for a residential kitchen to have up to six 
openings into a garage, patio, deck, and other spaces. The interior 

designer must consider door swing directions and clearances 
to avoid conflicts with new or existing elements.

Floor coverings may require specific clearances. Floor heat-
ing systems may raise the floor level enough to require trim-
ming the door for clearance.

sound control
The position of doors relative to sources of unwanted sound is 
an important consideration, especially in residential design and 
for private offices in commercial spaces. Louvered and under-
cut doors are useless as sound barriers.

The most important step in soundproofing doors is to seal 
around the opening. A door in the closed position should exert 
pressure on gaskets for an airtight seal.

A sound lock comprises two doors, preferably with space 
for a full door swing between them. The doors must be gas-
keted. All surfaces should be completely covered with an absor-
bent material and the floor should be carpeted.

accessIbIlIty and doors
The Americans with Disability Act (ADA) sets requirements for 
door openings in spaces that it covers. Minimum maneuvering 
clearance dimensions up to 60” (1525 mm) vary depending on 
approach direction, door side, and whether the approach is 

Figure 6.17 revolving door 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 8.16 
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perpendicular or parallel to the doorway. Because interior design 
students often need to refer to this information and the ADA 
encourages their reproduction, we are including a full set of the 
2010 ADA figures for related topics.

Doors in series, as in a vestibule, require space for a wheel-
chair to pass through without being hit by the swinging door. 
(See Figure 6.18)

ADA standards require door openings to provide a clear 
width of 32” (815 mm) minimum. (See Figure 6.19)

A 34” (864 mm) clearance is considered minimal when de-
signing standard door floor space for a person using a wheel-
chair. With hardware and door thickness, this is effectively 30” 
(762 mm) clear. A swing‐away hinge increases the opening from 
1” to 1 ½” (25 to 38 mm), which can accommodate the door 
thickness.

The dimensions of clear floor space required in order for 
a person using a mobility aid to pull a door open varies based 
on the type of door and approach. (See Figures 6.20, 6.21,  
and 6.22)

Door swings that do not interfere with appliances or cabinet 
doors and drawers are particularly important where people with 
disabilities use an interior space. Pocket or out‐swinging doors 
are helpful where an aide may need to enter to provide assis-
tance. Hardware is available for pocket doors to make them 
easier for people in wheelchairs to use.

In older homes, where hallways are sometimes limited to less 
than 42" (1067 mm), an angled doorway can sometimes help 
ease circulation problems.

Figure 6.18 AdA doors in series 
Source: 2010 ADA Standards for Accessible Design 404.2.6 

Figure 6.19 AdA clear width of doorways 
Source: 2010 ADA Standards for Accessible Design 404.2.3 
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Figure 6.20 AdA front approaches 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
404.2.4.1 
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Doorways to a kitchen in a home with a person with a cogni-
tive impairment may need to be closed with a door that locks to 
control access. In other cases, doorways may need to be open 
to maintain visual contact with a resident.

Repetition in the way a door swings, the location of switch-
es and controls, and the order of progression as one enters 
a room help people with cognitive impairments. Textured or 
opaque glass can help people with cognitive or visual impair-
ments recognize glass doors and other glazed surfaces.

door types
Doors are manufactured in a variety of types. (See Figure 6.23) 
Doors have wood or metal frames that may be pre‐painted, fac-
tory‐primed for painting, or clad in a variety of materials. Doors 
may be glazed for visibility and/or have louvers for ventilation. 
Special doors have fire‐resistance ratings, acoustical ratings, 
or thermal insulation values. Standard interior door widths include 
2'‐0", 2'‐4", 2'‐6", 2'8", and 3'‐0 (610, 711, 762, 813, and 914 mm).

Glass doors are usually constructed of ½" or ¾" (13 or 19 
mm) tempered glass, with fittings to hold pivots and other hard-
ware. Glass doors do not require jamb frames as the door can 
be butted directly against a wall or partition.

Pocket doors are hung on a track, and slide into a pocket 
within the wall. They need a pocket free of plumbing, electri-
cal, or HVAC elements. Surface sliding doors (also called barn 
doors) require wall surface space. Sliding patio doors are simi-
lar to large sliding windows. (See Figure 6.24)

HolloW metal doors
Hollow metal doors have steel face sheets bonded to a steel 
channel frame and reinforced with channels. Their cores are 
made of honeycomb paper, steel‐stiffened mineral fiber, or rigid 
plastic foam. The door face may be seamless or show the panel 
construction seams.

Wood doors
The frame of a wood hollow core door encases a corrugated 
fiberboard or wood strip grid core. They are lightweight with 
little acoustic or thermal value, and are intended primarily for 
interior use.

Solid core wood doors have cores of bonded lumber blocks, 
particleboard, or mineral composition. They are used primarily 
as exterior doors, or wherever increased fire resistance, sound 
insulation, or dimensional stability is desired.

Wood stile‐and‐rail doors have a framework of vertical stiles 
and horizontal rails that hold solid wood or plywood panels, 
glass lights, or louvers in place. (See Figure 6.25) They are avail-
able in a variety of panel designs as well as fully louvered and in 
French door styles.

door frames
Door frames are standard items. The treatment of the opening 
and design of the casing trim of a door are opportunities for 
an interior designer to manipulate the scale and character of a 
doorway. Casing trim is used to conceal the gap between the 
door frame and the wall surface. It may be omitted where the 
wall material can butt up against the door frame neatly.
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Figure 6.22 AdA latch approaches 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 404.2.4.1 
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Figure 6.21 AdA hinge approaches 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 404.2.4.1 
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Figure 6.23 door types 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 191 

Flush Panel French

Glass LouveredVision panel
and louvered

Figure 6.24 pocket, surface, and bypass sliding door plans 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 192 

Pocket sliding door

Bypass sliding door

Surface sliding door

fire doors
Basic fire door standards indicate that no tool, key, or special 
knowledge be required to open the door in the direction of 
egress. No more than 15 pounds (6.8 kg) of pressure be required 
to release any latch or fully open door, although up to 30 pounds 
(13.6 kg) pressure may be required to initiate the opening.

fIre door WIdtHs
Typical building code requirements cover the number of exits 
that must be provided for fire egress and the width of doors. 
The width of an egress door is based on the clear opening when 

Figure 6.25 Wood panel door

Top rail

Panel

Lock rail

Bottom rail

Stile

Hollow metal doors are hung in hollow metal frames. Wood 
doors use either wood or hollow metal frames. The door open-
ing can be enlarged physically with sidelights and a transom 
above or visually using color and trim work. (See Figure 6.26) 
Minimizing trim can visually reduce the scale of a doorway or 
make it appear to be simply a void in a wall. When finished flush 
with the surrounding wall, it can merge visually with the wall 
surface.

Figure 6.26 Sidelight and transom

Transom

Sidelight
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the door is open 90 degrees. On occasion, the requirement is 
based on the full open position, which adds about 2” (51 mm) to 
the opening for doors that open 180 degrees.

A 36" (914 mm) wide door is considered to have a 32" (813 
mm) clear opening. The door thickness, plus its hinge and hard-
ware, add up to about 3¼" (83 mm), so a total of 4" (102 mm) is 
often allowed for these. The handle is not generally counted in 
this allowance, unless it runs the full height of the door.

The maximum width for a single door is 48" (1219 mm), due 
to concerns about the door being too heavy for a user to open. 
Automatic closers on doors hold the door open magnetically, 
and release them in the event of a fire. Two magnetically held 
48" (1219 mm) doors can be used to close off an 8‐foot (2.4 
meter)‐wide corridor.

sealInG fIre doors
The seal on a fire door, especially at the head and jambs, is 
critical to minimize smoke or fire transmission. This seal can be 
difficult to provide and maintain. Some codes may require the 
addition of an intumescent strip along the head and jambs of 
a fire door that swells up when heated to seal the gap, making it 
no longer available as a means of egress.

Closed fire doors that are normally held open continue to 
offer a means of movement between parts of a building. Fire‐
rated rolling shutters (overhead doors) are sometimes used to 
close openings between fire‐separated areas in a building, so 
that no passage through the opening is possible. These shut-
ters can have a passage door or be designed to open manually 
to allow people to pass through.

fIre door ratInGs
Most codes require fire stairs to have a 2‐hour fire-rated en-
closure with 1‐½‐hour fire-rated doors. Corridors with 1‐hour 
fire-separation ratings typically require ¾‐hour rated doors. All 
rated doors require an automatic closer and a latch that will 
retain the door in a closed position.

slIdInG fIre doors
Some jurisdictions permit breakaway sliding doors. Sliding 
doors are now permitted by fire codes (including NFPA) and 
building code regulations to provide fire separation for most oc-
cupancies, other than those that typically involve the presence 
of flammable materials. They are typically closed only when 
they are needed to provide fire protection in an emergency. 
Fire‐rated sliding doors are typically inconspicuously stored in a 
recessed space closed by a panel that blends with the finished 

wall surfaces. The door can be manually opened if power is not 
available.

Fire‐rated sliding doors are usually custom designed for the 
specific project. They are particularly useful for public buildings 
such as museums, schools, and airports, to link various building 
zones that are otherwise separated for fire safety.

There is no limit to the width of these sliding doors, so they 
can provide wide openings in the line of fire separation. Their 
maximum height is 28 feet (8.5 meters).

Fire‐rated sliding doors are power operated and linked to a 
backup power system. They close with a power assist, but can 
be opened manually with very little pressure, to allow emergen-
cy egress. If a person using a wheelchair makes contact with 
an accordion‐style horizontal sliding door, the door will retract 
automatically, and after the obstruction clears, wait briefly be-
fore resuming closing.

For more information on fire doors, see Chapter 18, “Fire Safety 
Design.”

door Hardware
Door hardware is selected for function and ease of operation, 
recessed or surface‐mounted installation, and durability. Mate-
rial, finish, texture, and color are also specified. Security hard-
ware may require electrical wiring.

Hardware for doors includes locksets comprising locks, 
latches, bolts, a cylinder and stop works, and operating trim. 
Other hardware items are hinges, closers, panic and fire exit 
hardware, push and pull bars and plates, and kick plates. Door 
stops, holders, and bumpers are also included, as are thresh-
olds, weatherstripping, and door tracks and guides.

The ADA requires that door handles, pulls, latches, and 
locks be easy to grasp with one hand without tight grasping, 
pinching, or twisting of the wrist. Operable parts of such hard-
ware are required to be 34" (865 mm) minimum and 48" (1220 
mm) maximum above the finish floor or ground. Where sliding 
doors are in the fully open position, operating hardware shall be 
exposed and usable from both sides.

Part II, “Building Components,” has addressed the way build-
ings are built, why they stand up or fall down, and how different 
building techniques affect the shaping and utilization of interior 
space. Part III, “Acoustics,” looks at how to control noise and 
manipulate sound quality to achieve design goals in buildings. 
Interior designers are key players in this process.
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Part

III
Acoustics

 Acoustics is the branch of physics that deals with the production, control, transmis-
sion, reception, and effects of sound. Acoustical design is the planning, shaping, 
finishing, and furnishing of an enclosed space to establish an acoustic environment 
necessary for the distinct hearing of speech or musical sounds. Understanding how 
we hear sound and how sound interacts with the built environment helps us design 
spaces that are as acoustically pleasing as they are visually rich.

The quality of the sound within a building depends on many things, some of 
which originate in the siting and architectural design of the building. Even noises 
propagated by the building’s structure and mechanical systems, as well as those 
from outside, can be ameliorated by good acoustic design.

Part III, “Acoustics,” has two chapters:

Chapter 7, “Acoustic Design Principles,” introduces the basic terminology and 
concepts of sound generation and hearing, and looks at sound sources and 
paths in general terms.

Chapter 8, “Architectural Acoustics,” looks at the acoustical design of buildings, 
including noise control, airborne and structure‐borne sound, sound isolation, and 
sound transmission between spaces. Acoustical products and applications as 
well as electronic sound systems are also surveyed.

The acoustic environment plays an important role in supporting (or 
disturbing) an overall sense of comfort in many of the spaces we 
occupy on a daily basis – including both residential and commercial/
institutional spaces…Many design solutions seem to shortchange the 
acoustical environment. This is partly due to the perceived complexity of 
architectural acoustics, partly due to lack of coverage of the topic in many 
architecture programs. Good acoustics is not required by most building 
codes and is not a key element in the majority of green building rating 
systems. Nevertheless, providing acceptable acoustical conditions is a 
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fundamental part of good design practice. (Walter T. Grondzik and Alison 
G. Kwok, Mechanical and Electrical Equipment for Buildings, Twelfth 
Edition, Wiley 2015, page 1015)

Interior designers are in an excellent position to deal with some of these problems. 
As designers of office spaces, an awareness of acoustic principles and remedies is 
essential. Residential design poses its own acoustic problems.
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7
Acoustic Design Principles 

Our experience of the world is strongly visual, but we are often 
deeply affected by messages received by our other senses as 
well. Perhaps the most functionally critical of these is our sense 
of hearing. Sound in a well‐designed space reinforces the function 
of the space and supports the occupant’s experience. A poorly 
designed acoustic environment hinders both function and enjoy-
ment of the space, and can even damage the health of the user.

IntroDuctIon

Acoustical design is often neglected or minimized. 
Although a failure in acoustics is not as fatal as a failure in 
structures, a failure in acoustics can…be very costly…. 
Most times a failure in architectural acoustics can be fixed 
at more modest cost, but it will be an annoyance for the 
owner and an embarrassment for the architect. (Norbert 
M. Lechner, Plumbing, Electricity, Acoustics: Sustainable 
Design Methods for Architecture, Wiley 2012, p. 158)

Within a given architectural interior, the acoustical fine‐tun-
ing of the space is often the province of the interior designer. 
Interior designers are concerned with how a space such as an 
open office or a restaurant functions acoustically. The selec-
tion and placement of hard‐ and soft‐surfaced materials and the 
construction of interior partitions change the way sound is re-
flected, absorbed, or transmitted.

SounD BASIcS
Sound is essentially a rapid fluctuation in air pressure. It can 
be defined as a physical wave, as a mechanical vibration, or as 
a series of pressure variations in an elastic medium. A sound 

is a range of vibrations to which the human auditory system is 
specifically sensitive. Vibrations can be transmitted through the 
air or another elastic medium, including most building construc-
tion materials.

Sound is induced through the ear by means of waves of 
varying air pressure emanating from a vibrating source. In order 
for sound to exist, there must be a source, a transmission path, 
and a receiver.

Sound Propagation
Sound waves are mechanical waves, as opposed to the electro-
magnetic waves of light and electricity. The pressure changes 
that contain sound information travel in the same direction as 
the sound wavefront. The energy in a sound wave is capable of 
moving a great distance, but the medium in which it moves only 
oscillates in place. In air, it moves forward and backward in the 
same direction as the longitudinal sound wave.

Amplitude refers to sound pressure, apparent as the 
distance between a sound wave’s maximum compression (its 
peak) and its maximum rarefaction (its trough). The wave’s 
amplitude is also referred to as its volume, and is perceived 
as loudness.

Amplitude declines with distance from the source. In an inte-
rior space, the sound level from a point source decreases as it 
reflects off the walls, ceiling, and floor. Eventually, the combined 
reflections generate a fairly constant sound level.

Within a room in a building, sound waves hit reflecting sur-
faces. Bouncing off surfaces helps maintain the sound’s inten-
sity and audibility at a distance from its source. Reflections also 
determine how long a sound continues. Areas near walls collect 
the majority of sound as a result of reflections; these areas are 
known as reverberant fields.
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A free field is a space free from reflective surfaces or oth-
er interferences, such as might occur outdoors. Sound gener-
ated by a point source in a free field moves out as a wave front 
in all directions in an ever‐increasing sphere. As it spreads out, 
the sound intensity diminishes in proportion to the square of 
the distance from the source. This distribution of sound energy 
makes it increasingly difficult to hear a sound in open air as the 
distance from the source is increased.

Sound Waves
Sound energy forms a longitudinal wave comprising the com-
pressions and rarefactions of the air, water, or other material 
that occur in the direction of travel. Although distortion of 
the longitudinal wave occurs in the direction of travel, the 
longitudinal wave is often represented by a sine wave that 
shows the energy change from positive to negative. (See 
Figure 7.1)

In theory, sound waves radiate spherically from a point 
source. In practice, they often originate from sources such 
as human voice that radiate more strongly in some direc-
tions than others. A vibrating object radiates sound waves 
outward until they hit a surface that either reflects or ab-
sorbs them.

WAvelengthS AnD WAve FormS
When sound travels through various media, it is the variation 
in pressure that travels, not the media themselves. The actual 
movement of a medium such as air does not have a significant 
effect on sound transmission.

The distance between the peak of one sound wave and the 
peak of the next is called its wavelength. (See Figure 7.2) This 
is the distance a sound travels in one cycle.

The form of a sound wave depends on its source. Point 
sources produce concentric spherical waves. Line sources 
such as strings on musical instruments produce cylindrical 
waves. Long vibrating surfaces such as walls produce planar 
waves.

Wavelengths of audible sounds range from less than an inch 
(a few mm) for very high pitches to over 50 feet (over 15 m) for 
very low ones. Their behavior depends on their length and the 
objects they run into. Acoustic calculations are consequently 
complex, and will not be dealt with here.

Frequency
Whether we perceive a sound as high or low depends on its fre-
quency. The peaks in sound waves will pass a stationary point 
at different rates. A higher pitched sound has peaks that pass at 
a higher frequency (more frequently), while the peaks of a lower 
pitched sound pass at a lower frequency (less frequently). The fre-
quency with which these peaks pass a given point is measured as 
the number of cycles completed per second, measured in Hertz 
(Hz). One Hertz equals one cycle per second, so a wave whose 
peaks pass at 50 cycles per second has a frequency of 50 Hz.

High‐pitched sounds have higher frequencies. High frequen-
cy corresponds to a shorter wavelength. Bass notes have lower 
frequencies; low frequency and long wavelengths go together.

Frequency is an important variable in how a sound is transmit-
ted or absorbed, and must be taken into account in designing 
the acoustics of a building.

Sound magnitude
The human ear is sensitive to a very large range of sound pow-
er, which is measured in acoustical watts. A source’s acous-
tical magnitude is a measure of the power of sound; its may 
be termed sound power, sound pressure, or sound intensity. 
Although there are technical differences between these, we will 
simply use the term sound power.

SounD PoWer
Sound power varies over a very wide range from one source to 
another. It is expressed in watts (W) of acoustical power, the 
basic unit of acoustical energy. (See Table 7.1)

In theory, sound power is not influenced by the nature of a 
sound source’s surroundings. In practice, acoustic power out-
put depends on the specific environment between the sound 
source and the listener, and usually varies from location to loca-
tion within a room.Figure 7.1 Sound wave

A
m

pl
itu

de

Wavelength

Figure 7.2 Wavelength

Sound
source

Wavelength



Acoustic Design Principles     |    107

heArIng
As indicated earlier, in order for sound to exist, there must be 
a source, a transmission path, and a receiver. The response of 
an individual to sound involves physiological and psychological 
reactions, with experience and personal preferences playing a 
role. The sensitivity of our ears is close to the practical limit for 
sound reception. The average human ear can withstand the loud-
est sounds of nature, yet be able to detect the tiny pressures of 
barely audible sounds. The human hearing range is commonly 
cited as between 20 and 20,000 Hz, but this varies significantly 
between individuals and depends on frequency and age.

human ear
If you have ever tried to draw someone’s ear, you will have no-
ticed that our ears are apparently as individual as our finger-
prints. They are small and large, simple and convoluted, smooth 
and hairy, but all healthy ears have the same parts.

The structures of the ear enable us to collect sound waves, 
which are then converted into nerve impulses. (See Figure 7.3) 
The outer ear is a soundgathering funnel. Our outer ear is a 
more efficient sound-gatherer than the nonexistent external ear 
in many reptiles and birds, but lacks the collecting and focusing 
capacity of a cat’s or dog’s ear. Sound travels from the outer 
ear through the auditory canal, which is also called the external 
ear canal, and into the middle ear.

Within the middle ear, sound waves set the eardrum (tym-
panic membrane) in motion. The middle ear is an air‐filled space 
surrounded by bone and bounded by the eardrum on the outer 

side and a flexible membrane separating it from the inner ear on 
the inner side. Its main job is amplification. The vibrations from 
the eardrum are transmitted by three tiny bones to the inner 
ear. In the short but intricate journey from eardrum to inner ear, 
the sound wave is amplified as much as 25 times.

The inner ear is where the sound vibrations are converted to 
electrical nerve impulses for interpretation by the brain. Rhythmic 
waves in the inner ear fluid excite a highly delicate organ that is 
coiled like a snail shell; it’s name, cochlea, is from the Latin word 
for snail. Hair cells at one end respond to sounds at high frequen-
cies, up to 20,000 cycles per second; those at the opposite end 
respond to low ones, down to 16 cycles per second. The basilar 
membrane in the cochlea resonates at one end at a frequency of 
20 Hz, and at the other end at 20 kHz (kilohertz) establishing the 
range of frequencies that the human ear can hear.

Vibrations within the ear initiate an electrical impulse that 
is transmitted to the auditory nerve. These impulses travel to 
the primary auditory cortex of the brain and ultimately to other 
brain areas for interpretation as sound.

SenSItIvIty
The human ear tends to be more sensitive to midrange frequen-
cies. The best sensitivity occurs between 500 and 6000 Hz, 
with maximum sensitivity at 4000 Hz. Generally, a decrease in 
sensitivity is most noticeable at lower frequencies.

If you are young and your ears are in excellent physical con-
dition, you can hear sounds in the 64 Hz to 23,000 Hz range; 
you will be most sensitive to frequencies in the 3000 to 4000 
Hz range. Very high frequencies may be uncomfortable for 
young listeners, who may, for example, be very sensitive to the 
sound of high‐speed dental drills.

Our ability to hear upper frequencies decreases with age. 
By middle age, the typical upper limit is around 10,000 Hz 
to 12,000 Hz. Upper-range hearing loss is usually more pro-
nounced in men than in women.

Many animals, including dogs, can hear ultrasounds, higher 
frequencies than humans can hear. For example, beluga whales 
can hear from 1000 to 123,000 Hz.

loudness
The way we experience a change in loudness is subjective; it is 
not related in a linear way to sound power. A sound we perceive 
as twice as loud as another sound is actually much more than 
twice as powerful. Perceived loudness depends on sound pres-
sure, the age and health of the listener, the frequency of the 
sound, and the presence of masking sound, the phenomenon 
when two separate sources of sound are perceived simultane-
ously and tend to obscure each other.

DecIBelS
The loudness of sounds is measured in a way that relates actual 
sound intensity to the way humans experience sound, rather 
than in Pascals (sound pressure) or watts (sound energy). Loud-
ness is measured according to a mathematical logarithmic 

TAble 7.1 Sound PoWer exAmPleS
Sound Source Acoustical Power

Jet engine 100,000W

Symphony orchestra 10W

Loud radio 0.1W

Normal speech 0.000010W

Figure 7.3 Structures of the ear
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scale of decibels (db). A decibel is a unit for expressing the 
relative pressure or intensity of sounds on a uniform scale from 
0 dB for the least perceptible sound to around 130 dB for the 
threshold of pain. We hear a doubling of sound pressure and in-
tensity not as twice as loud, but as a barely perceptible change.

The decibel scale is also used to represent the energy of 
sound. The acoustic power generated by a vibrating source can 
be expressed in watts, but the expression of the full range of 
human hearing would span 1014 watts. This unwieldy mass of 
numbers has been condensed into the decibel scale.

The human auditory system will respond to a decibel range 
from 1 to 130 dB. The decibel scale starts at 0 for the minimum 
sound intensity or pressure that can be heard. It uses whole 
numbers, rather than powers of 10 (as logarithms would), so a 
difference of 10 decibel units represents a doubling (or halving) 
of loudness.

Our perception of a sound’s loudness depends both on the 
power of the sound and on the distance from the source of the 
sound to our ear. Every time the sound power is doubled, the ac-
tual sound intensity level changes 3 dB. When the distance from 
the source of the sound is doubled, the sound intensity level 
changes 6 db. Decibel levels from two sound sources cannot 
be added mathematically. For example, 60 dB + 60 dB equals 
63 dB, not 120 dB. If all this sounds confusing, you may soon 
get used to relating decibels to sound levels and cease to be 
bothered by the math. (See Figure 7.4)

The human ear does not perceive all frequencies equally. 
Because we are not equally sensitive to all frequencies within 
our audible range, we can hear only certain frequencies at the 
lowest levels of loudness. Where we are most sensitive, in the 
range of 3000 to 4000 Hz, we can hear sounds even at –5 dB 
(technically below the threshold of hearing). The most informa-
tion in human speech is found between 3000 and 4000 Hz, so 
we are good at listening for very quiet speech. Our sensitivity 
drops off at low decibel levels, especially at low frequencies. 
This is why most stereo amplifiers provide a boost for bass 
sounds at lower volumes. At the threshold of hearing at 0 dB, 
we can hear only at 1000 Hz.

The upper limit for loudness is 120 to 130 dB. This level of 
sound intensity is high enough to produce the sensation of pain 
in the human ear is called the threshold of pain. At this level, we 
experience pain in all frequencies.

A‐weighted decibels (dba) express the relative loudness 
of sounds in air as perceived by the human ear. The A‐weighted 
system reduces the decibel values of sounds at low frequen-
cies to correct for the human ear’s lessened sensitivity at low 
frequencies.

Sound masking
Studies confirm that poor office acoustics in open plan offices 
is the number one barrier to the productive use of office space. 
People are sensitive to sounds that are louder than the back-
ground sound, and especially aware of speech that is intelligible 
over the rest of the sounds in the room.

Sound masking occurs when two separate sources of 
sound are perceived simultaneously, obscuring each other. 
When sound masking is used for noise control, background 
sounds are deliberately manipulated to mask other unwanted 
sounds. Sound masking introduces a non‐intrusive, ambient 
background sound into the environment that renders speech un-
intelligible. This helps to ensure speech privacy, reduces stress 
and absenteeism, and creates a better work environment.

Masking is most effective when two sounds are close in 
frequency as it is then harder for the ear to tell them apart. Low 
frequencies mask high frequencies better than the reverse for 
the same decibel levels.

Figure 7.4 decibel levels
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Background noise that is used for masking unwanted 
sounds is broadband (containing many frequencies), continu-
ous, and without intelligible information. This helps to cover 
both lower and higher frequency sounds. Adjustable electronic 
sound‐masking systems can be carefully tailored to combine 
low‐pitched and high‐pitched sounds while being generally un-
noticeable to people entering the space.

Directivity and Discrimination
Our two ears are separated by our skulls. Our ears and brains 
are configured to detect the small difference in time it takes 
sound to reach each ear, allowing us to determine the direction 
of a sound source. When the distinction is very small, the brain 
interprets the sound as coming from a point between our ears.

Our ears can pick out specific sounds to which we want to 
pay attention, but more frequently it combines sounds distinct 
from each other in frequency and phase as chords in music, for 
example. Most sounds are actually complex combinations of 
frequencies. Musical tones combine fundamental frequencies 
with harmonics (overtones). A trained conductor can pick out 
one single instrument in a 120‐piece orchestra. Amazingly, we 
have the ability to pick out one voice in background noise much 
louder than that voice, a phenomenon known as the cocktail 
party effect.

SounD SourceS
Sound may enter a building from outside or be produced within 
a building’s interior. Important building sound sources include 
speech, music, and noise. Vibrations from mechanical equip-
ment also create acoustic problems.

Speech
The vibration of our vocal cords produces human speech. These 
vibrations are modified through the throat, nose, and mouth. 
Most speech is concentrated in the 100 to 600 Hz range. Har-
monics outside of this range help give an individual human voice 
its characteristic sound and specific identity.

Most of the information in speech is carried in the upper 
frequencies, while most of the acoustic energy is in the lower 
frequencies. For sounds of equal energy, the human ear is less 
sensitive to low frequencies than to middle and high frequen-
cies. Higher frequencies carry sound with greater a greater 
sense of direction, and can be heard around a partial barrier 
more easily. High frequencies are the most easily absorbed.

music
Our appreciation of musical sounds results from a combination 
of physiological and psychological phenomena. Musical sounds 
are usually of longer duration than speech sounds. Especially in 
instrumental music, they encompass a much broader range of 
frequencies and sound pressures than speech does.

Musical instruments often produce very high frequencies in 
high‐pitched overtones. Some large pipe organs produce pitches 
with frequencies near the extreme lower end of the hearing range.

Musical sound often depends on resonance, which occurs 
when sound is intensified and prolonged by reverberation, the 
persistence of sound within a space caused by multiple reflec-
tions after its source has stopped. Sometimes a vibration in one 
object produces sympathetic vibrations of exactly the same pe-
riod in a neighboring body.

noise
noise is simply defined as any unwanted sound. What constitutes 
noise is a subjective judgment; one person’s noise is another per-
son’s music. Children yelling a they run around the yard playing 
is reassuring and welcome to the parent who is keeping track of 
their whereabouts, but is a disturbing noise to the neighbor trying 
to get some sleep before working the night shift.

AnnoyAnce
The amount of annoyance produced by unwanted sound is subjec-
tive, psychological, and proportional to the loudness of the noise. 
The most annoying sounds are high frequency rather than low fre-
quency and intermittent rather than continuous noise. Pure tones 
are more conspicuous than broadband sounds. When a sound is 
moving and not locatable rather than from a fixed location, it tends 
to distract us. Finally, sounds bearing information are harder to ig-
nore than no‐sense noise. Speech that is loud enough to be audible 
but not enough to be intelligible is particularly annoying.

The types of sound that can constitute noise are extremely 
varied. They may include speech or music and natural sounds like 
wind and rain. We are surrounded by mechanical and building sys-
tem noise from motors, compressors, fans, and banging pipes.

heArIng ProtectIon
Prolonged exposure to high noise levels can cause physical 
damage. Continual exposure to noise levels as low as 75 dB 
can contribute to headaches, digestive problems, tachycardia, 
high blood pressure, anxiety, and nervousness. Even lower lev-
els can cause sleeping problems. Most experts consider eight 
hours a safe upper limit of exposure to levels of 85 dBA. US 
Occupational Safety and Health Administration (OSHA) industrial 
regulations set limits for exposure to continuous noise, with lim-
its on duration of louder sounds and requirements for hearing 
protection. (See Figure 7.5)

Figure 7.5 Hearing protection
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vibration
Vibration is pressure variation perceived through touch. Electrical 
and mechanical building systems produce both vibration and noise. 
Vibrations in buildings often have frequencies around 20 Hz, just 
below the range of human hearing. These vibrations are generally 
unwanted and can be particularly disturbing to some individuals.

SounD PAthS
Sound waves travel at different velocities depending on the me-
dium they are traveling through. Sound travels through air at 
around 1087 feet (331 m) per second at sea level. Sound travels 
through water more rapidly than through air, at around 4500 
feet (1372 m) per second.

Attenuation
Sound energy, like heat energy, can be absorbed or reflected by 
an object. Sound energy lessens in intensity as it disperses over 
a wide area. Attenuation is the decrease in energy or pressure 
for each unit area of a sound wave. Attenuation occurs as the 
distance from the source increases as a result of absorption, 
scattering, or spreading in three dimensions.

reflected Sound
When a sound wave strikes a relatively large surface, a portion 
of the sound energy is reflected (like light from a mirror) and a 
portion is absorbed. The harder and more rigid a surface the 
sound wave strikes, the more sound is reflected. reflected 
sound leaves the surface at an angle equal to the angle at 
which it strikes it. (See Figure 7.6)

reverBerAtIon
Reverberation is the persistence of sound after the source of 
the sound has ceased, as a result of repeated reflections. The 
reverberation time is the time it takes in a particular space 
for a sound to drop 60 dB. The reverberation time is directly 
proportional to the volume of the space, and inversely propor-
tional to the absorption of the surfaces.

The sound in a room is a combination of direct sound 
from the source and reflected sound from walls and other ob-
structions. (See Figure 7.7) Our ears sense reverberation as a 
mixture of previous and more recent sounds. The reverberation 
time is longer in a room with a larger volume as the distances 
between reflections are longer. When sound‐absorbing materi-
als are added to a space, the reverberation time decreases as 
sounds are absorbed.

More information about reverberation and reverberation time is 
found in Chapter 8, “Architectural Acoustics.”

Figure 7.6 reflected sound
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When too many reflected sounds are overlaid in an enclosed 
space, the resulting surface reflections can produce confusion 
over the source of the sound. If the reflected path is longer than 
the direct path by about 65 feet (20 m) or more, it may produce 
an echo. High-frequency sounds closer to the source give the 
best clues, because they travel in a relatively straight line. Low 
frequency sounds are difficult to localize, due to the large size 
of their wavelengths compared to the dimension between our 
two ears. In addition, low frequencies tend to mix with their own 
reflections.

An interior designer can control the quality of the reverberat-
ing sound by modifying the amounts of absorptive or reflective 
finishes in a space.

The reverberation time of a room should be appropriate to 
the use of the space. The reverberation of sounds in lecture 
halls, theaters, houses of worship, and concert halls sustains 
and blends sounds, making them much smoother and richer 
than they would be in open air. Short reverberation times are 
best for speech, as they allow clarity for consonant sounds. 
However, some reverberation enriches a speaker’s voice, and 
gives the speaker some sense of how well the voice is carrying 
to the audience.

Music often benefits from longer reverberation times that 
extend and blend the sounds of instruments and voices. Music 
tends to sound dead and brittle with too short a reverberation 
time, but loses clarity and definition when the reverberation 
time is too long.

DIFFuSIon
diffusion occurs where sound is reflected from a convex sur-
face. (See Figure 7.8) Convex surfaces scatter sound, reinforc-
ing sound levels in all parts of a room. Diffusion results in the 
sound level remaining fairly constant throughout the space, a 
very desirable quality for music performance.

DIFFrActIon
diffraction is the physical process by which sound passes 
around obstructions and through small openings. When a sound 
wave strikes an object smaller than or similar in dimension to its 
wavelength, it is diffracted, and the wave is scattered around 
the object. Diffraction facilitates the ability to be heard beyond 
a barrier, and is measured by the amount that airborne sound 
waves are bent by moving around an obstacle in their path.

When sound reaches the edge of a wall, sound waves will 
diffract (bend). Long, low frequency waves bend more than 
shorter high‐frequency ones. Although much of a sound wave is 
blocked by a small opening, the portion that does get through 
establishes a new wave front at a lower intensity than the origi-
nal source. (See Figure 7.9) For a small hole, short wavelengths 
(high frequencies) are attenuated less than long wavelengths 
(low frequencies). A small hole therefore can block long wave-
lengths better than short wavelengths.

Attenuation of diffracted sound depends on the frequency, type 
of source, and dimensions of the barrier. (See Figure 7.10) The best 
location for a barrier is either very close to the source or close to 
the receiver. The worst position is halfway between source and lis-
tener. A massively thick barrier is only slightly better than a moder-
ately thick one, so there is a practical limit to thickness. Absorptive 
material on the source side of the barrier will reduce noise reflected 
back to the source, but will not help the receiver very much.

Figure 7.8 diffusion from a convex surface

Figure 7.9 diffraction
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StAnDIng WAveS
A standing wave is a steady, pure tone between two highly 
reflective parallel walls. Standing waves operate on the same 
principle and have the same cause as flutter, but are heard dif-
ferently. Standing waves are perceived as points of quiet and of 
maximum sound within a room. Certain frequencies of a voice 
or music are exaggerated as they bounce back and forth re-
peatedly between opposite parallel walls. When the walls are 
exactly one‐half wavelength apart, the tone is very loud near the 
walls and very quiet halfway between them, as the waves cancel 
each other out in the center of the space.

Standing waves are a serious problem only in rooms that 
are small with respect to the wavelengths generated in them. 
To avoid standing waves, the smallest dimension for a room 
for music should be greater than 30 feet (9 m), and for speech 
greater than 15 feet (4.6 m).

Standing wave problems in rooms with parallel walls are 
improved by slightly tilting or skewing two of the walls, or by 
adding acoustic absorptive material to one of them. Rooms for 
music rehearsal and broadcast studios often have nonparallel 
walls, and undulating ceilings can also help. The proportions of 
the room can minimize the effect, which is especially noticeable 
for bass frequencies.

reSonAnce
Resonance is the accentuation of a particular frequency, which can 
be a problem in spaces for music, where it may make one instru-
ment sound louder than the others. Resonance problems can be 
avoided by using geometrical calculations to design room propor-
tions. Using nonparallel walls and undulating ceilings often helps.

FocuSIng AnD creeP
Focusing occurs when sounds reflected from a concave sur-
face converge at a single point. (See Figure 7.12) The sound is 
greatly reinforced at the focal point and is less loud elsewhere. 
Spaces with concave domes, vaults, or walls focus reflected 
sound into certain areas of rooms. Focusing deprives some lis-
teners of useful sound reflections and causes intense sound 
spots at other positions.

natural Sound reinforcement
Natural (as opposed to electronic) sound reinforcement is the 
amplification of the sound being heard from various reflections 
as well as directly from the source. Covering the ceilings of 
meeting rooms, classrooms, and auditoriums completely with 
sound absorbing material eliminates the potential for useful 
sound reinforcing reflections off the ceiling, and may result in in-
adequate sound levels in the rear of the room. You may be able 
to avoid having to install an electronic sound-reinforcing system 
by leaving the center of the room as a reflecting surface.

echoeS
echoes result when repetitions of a sound are produced by reflec-
tion of sound waves from a surface, loud enough and received 
late enough to be perceived as distinct from the source. Sounds 
heard twice, with the second hearing arriving 0.07 seconds  
(70 milliseconds) or more after the initial sound, are likely to be 
understood as related, but the second sound appears as a sepa-
rate, distinct sound, an echo. This can be a problem in very large 
halls. Auditoriums frequently produce echoes between the back 
wall and the ceiling above the proscenium. Echoes may occur 
when parallel surfaces are more than 60 feet (18 m) apart.

Echoes can be avoided by careful planning of the room’s 
geometry, or by the selective use of absorptive surfaces. Ab-
sorbing the sound energy in echoes wastes energy that could 
be redirected to places where it becomes useful reinforcement. 
It is helpful to allow natural sound reinforcement along short 
paths, while absorbing sound at excessive distances.

Flutter
Sound waves rapidly reflected back and forth between two par-
allel flat or concave surfaces can produce an effect called flut-
ter. (See Figure 7.11) Flutter is a rapid succession of echoes 
with sufficient time between each reflection for the listener to 
be aware of separate, discrete signals. Flutter echo is produced 
by repetitive reflections off hard surfaces arriving at different 
times. We perceive flutter as a buzzing or clicking sound.

Flutter often occurs between shallow domes and hard flat 
floors. The remedy for flutter is to change the shape of the 
reflecting surfaces or change their parallel relationship. An al-
ternative solution is to add absorptive materials to the space. 
Which of these is the best answer depends on the reverberant 
requirements of the space, the cost of corrections, and the aes-
thetics of the result.

Figure 7.11 Flutter
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through a porous material, some of its energy is converted to 
heat by friction and is lost as air is pushed through small pores 
and passageways. Materials do not reflect or absorb sound per-
fectly; there is always at least an insignificant amount absorbed 
by any reflecting material, or reflected by an absorbent one.

The effects of materials on sound are different at different 
frequencies. When selecting materials, it helps to divide them 
by how they absorb low, medium, and high frequencies.

Greater thicknesses are required to absorb lower frequen-
cies. Soft, porous materials, such as wood, textiles, furnishings, 
and people, absorb a large part of the energy that strikes them. 
Deep, porous upholstery absorbs most sound from middle fre-
quencies upward. Smooth, dense, painted concrete or a plas-
tered wall absorbs less than five percent of incident sound, and 
reflects sound very well. Thin fabric wall coverings absorb only 
frequencies near or above the top of the audible range of the 
human ear. Padded carpet and thick drapery absorbs the major-
ity of sound waves in a higher proportion of the audible range.

ABSorPtIon coeFFIcIent
The absorption coefficient is the ratio of sound energy ab-
sorbed to sound energy impinging on the surface of a material. 
(See Table 7.2) The absorption coefficient depends on the fre-
quency and angle of incidence of the sound. It ranges from 
0 (total reflection) to 1.00 (total absorption). Absorption coef-
ficients are determined experimentally by manufacturers.

An understanding of basic acoustical principles plays a 
significant role in helping interior designers create acoustically 
pleasing spaces. Although part of the absorbed sound energy 
is dissipated by air movement in the pores of a material, a large 
portion is usually transmitted through the material. For exam-
ple, although fiberboard and acoustic tile are both good sound 
absorbers, neither is a good sound insulator that will prevent 
sound transmission between spaces. In Chapter 8 we explore 
how sound is transmitted through buildings and how interior 
designers can use materials and equipment to control it.

The reflection of sound along a curved surface from a 
source near the surface is called creep. (See Figure 7.13) The 
sound can be heard at points along the surface but is inaudible 
away from the surface. A space with concave surfaces can be-
come a whispering gallery, a room in which two people can 
stand at two related focal points along a curved surface and 
hear each other’s whispers with startling loudness and clarity, 
while remaining unheard by other people in the space.

Absorbed Sound
When sound strikes a boundary or any sizeable surface, part 
of the incident sound energy is absorbed, part is reflected, and 
part is transmitted. Sound absorption is a key tool in the interior 
designer’s acoustic toolbox.

ABSorPtIon
Sound absorption depends on both the area and the absorption 
characteristics of the material in question. When sound passes 

Figure 7.13 Creep

TAble 7.2 SAmPle AbSorPTion CoeFFiCienTS

material

Frequencies (Hz)

250 500 1000 2000

Acoustical ceiling tile 0.15 to 0.95 0.35 to 0.95 0.45 to 0.99 0.45 to 0.99

Heavy carpet on concrete 0.06 0.14 0.37 0.60

Heavy carpet with pad 0.26 0.48 0.52 0.60

Gypsum board 0.10 0.05 0.04 0.07

Upholstered seating with audience 0.74 0.88 0.96 0.93

Unoccupied upholstered seating 0.66 0.80 0.88 0.82

Heavy drapery 0.35 0.55 0.72 0.70



114

8
Architectural Acoustics 

Architectural acoustics, sometimes referred to as room 
acoustics or building acoustics, is the branch of acoustics 
concerned with achieving good quality sound within a build-
ing. In Chapter 8 we explore how sound is transmitted through 
buildings and how interior designers can use materials and 
equipment to control it.

IntroductIon
Architects and engineers design building spaces, structures, 
and mechanical and electrical systems to meet acoustical 
needs. The architect is responsible for any decision affecting 
both acoustics and other architectural requirements. Acousti-
cal consultants can identify possible solutions for  satisfactory 
noise control. The architect uses consultants’ advice to  consider 
which acoustical solution can be most successfully integrated 
with solutions to other building demands.

Generally, it is the architect’s role to recognize a potential 
noise problem in a proposed building and take steps 
to solve it. An acoustical defect that appears in the 
completed building cannot be readily corrected, resulting 
in inadequate acoustical quality. (Vaughn Bradshaw, 
The Building Environment: Active and Passive Control 
Systems, Third Edition, Wiley 2006, page 411)

Architectural acoustics address four areas of concern: 
room acoustics, sound isolation, mechanical equipment, and 
sound systems. Interior designers are primarily concerned with 

room acoustics, including the acoustical environment within a 
space and the isolation of sound within and between spaces.

History
Awareness of how sound acts in architectural spaces has a long 
history. In The Ten Books of Architecture (Morris Hicky Morgan 
translation published by Harvard University Press 1914; repub-
lished by Dover Publications, Inc., 1960), the Roman architect 
Vitruvius wrote about how reflections off hard materials could 
make it difficult to understand speech, due to problems with 
echoes and reverberation times. He was also concerned with 
minimizing sound from outside the building.

The history of modern acoustics begins with the efforts of 
Wallace Clement Sabine to remedy the acoustic problems of the 
Fogg Art Museum Lecture Hall (built 1895) at Harvard University 
in Cambridge. In order to study how sound worked in the space, 
Sabine and his two assistants dragged hundreds of upholstered 
seat cushions from the nearby Sanders Theater each night and 
back again in time for morning classes.

From his efforts, Sabine developed reverberation equa-
tions and absorption coefficients for many common building 
materials. He discovered that the reverberation time of a room 
is directly proportional to the cubic volume of the room, and 
 inversely proportional to the sound absorption provided at the 
room’s boundary surfaces and by the room’s furnishings. His 
equation uses the simple dimensions of the room and absorp-
tion coefficients of materials to determine the acoustic effect of 
the space, offering an easy method for architects to determine 
favorable room proportions and treatments.
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Acoustic codes and Standards
Some building codes have recently added limits on noise. City 
and town regulations or zoning bylaws also set standards, regu-
lations, criteria, and ordinances for noise.

Several organizations set standards for building industry 
acoustic analysis and test methods. ASTM International has 
established methods for measuring, analyzing, and quantifying 
noise. American National Standards Institute (ANSI) sets scien-
tific parameters and criteria used in acoustic analysis. ASHRAE 
determines sound levels for mechanical systems in buildings.

ASSIStIve LIStenIng SyStemS
An assistive listening system uses a hard‐wired or wireless 
system to transmit an audible signal. The 2010 ADA Standards 
for Accessible Design requires assistive listening systems in 
 assembly areas where audible communication is integral to the 
use of the space, and specifies the types and placement of 
systems. (See Figure 8.1) Except in courtrooms, assistive list-
ing systems are not required where audio amplification is not 
provided. In transient lodging accommodations, such as hotels 
and motels, a certain number of rooms must be accessible to 
people with hearing impairments.

Assembly areas with 50 or fewer seats require at least 2 
receivers, which must be hearing aid compatible. An additional 
receiver is required for each 25 seats up to 500 seats, with 
more for larger quantities of seats. Selecting or specifying an 
effective assistive listening system for a large or complex venue 
requires the assistance of a professional sound engineer.

AcouStIc deSIgn
The amount of necessary acoustic treatment required can be 
reduced by limiting the sources of noise. When designing for 
an existing building, the architect and interior designer must 
first define the character of the sound problem. For new build-
ings, they have to imagine what noise sources can be antici-
pated. All parts of the building and its surfaces are potential 
paths for sound travel. Noise sources should be placed as far 
as possible from quiet areas. The internal acoustics of individual 

rooms must be reviewed. The next step is design of the internal 
acoustics of specific rooms. Structural precautions that must 
be taken to reduce noise penetrations are an additional step.

design Process
The acoustic design of the building should be integrated with 
other architectural requirements. By carefully planning the 
building’s siting and structure, the architect can reduce noise 
penetration into the building. The overall building design and 
function ought to be reviewed in terms of desirable acoustic 
qualities.

AcouStIc conSuLtAntS
For special acoustic issues, an acoustic consultant should be 
brought into the process at the earliest possible time. Acoustic 
consultants are most commonly called in for buildings where 
loud noise is a special problem, or where the quality of interior 
sound is critical. Music and performance spaces, educational 
spaces and libraries, and all types of residential structures 
require good acoustic design. Other commercial, institutional, 
and industrial buildings also benefit from the expertise of an 
acoustic designer.

Acoustic consultants play a role in selection of materials 
and the detail of construction components. They also influence 
the selection and use of interior surface materials. Their work 
has direct implications for the interior designer. Acoustic con-
sultants also design and specify sound and communications 
systems, and detail components for noise and vibration con-
trols in mechanical systems.

AcouStIc modeLIng
Computer software can predict in advance what the acous-
tic properties of a space will be. Software can model a per-
formance space with electronic equipment to simulate what 
music will sound like from any location in the hall. This allows 
the  designers to try out the hall before construction, propose 
changes that address problems, and then hear the results. 
 Today, interactive acoustic modeling is being developed that 
allows real‐time exploration of the acoustic environment.

room Acoustics
How sound behaves in a given room depends on the shape, 
size, and proportions of the room. The amount of sound of 
various frequencies that are absorbed, reflected, and diffracted 
from the room’s surfaces and contents also determine acous-
tic  effects. The room’s shape determines the geometry of the 
paths along which sound is reflected, and can alter the sound 
quality, sometimes in unexpected ways.

How much sound energy is absorbed and how much is 
 reflected by a surface has a significant effect on what one 
hears within a space. Where little sound is absorbed and much 
is  reflected, sounds are mixed together. When steady sounds 
are mixed together, they reverberate, resulting in a noisier 

Figure 8.1 International Symbol of Access for Hearing Loss 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 703.7.2.4
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space. Speech becomes less intelligible, but music may sound 
better in a reverberant space. Where much of the sound energy 
is  absorbed and little is reflected, the room sounds quiet for 
speech but may sound dead to music.

Attenuation reduces sound energy by separating a sound 
source from the listener. Attenuation can be increased by 
 enclosing the source to isolate the sound, absorbing the 
sound with materials that change the sound energy to heat, or 
 canceling sound waves by electronic means.

AcouStIc FIeLdS
What you hear at any point in a room is a combination of 
sound that travels from the source directly to your ear and 
sound reflected from the walls and other obstructions. If the 
reflections are so large that the sound level becomes  uniform 
throughout the room, you have what is termed a  diffuse 
acoustic field.

Most enclosed spaces have three acoustic fields. (See 
Figure 8.2) The area within one wavelength of the lowest 
 frequency of sound produced in the room is called the near 
field. Sound produced in a free field attenuates as it spreads 
out without interruption. The reverberant field is the area 
 closest to large obstructions such as walls, where conditions 
approach a diffuse acoustic field. In a reverberant field, sound 
waves are multiplied and interwoven. Applying absorptive 
 materials to the boundaries of a reverberant field decreases 
the loudness of reverberated sound waves.

AcouStIc reFLectIonS And oPenIngS
Ideally, every listener in a lecture hall, theater, or concert hall 
should hear the speaker or performer with the same degree of 
loudness and clarity. This is not possible using only direct sound 
paths from the source to the listener, so the acoustic designer re-
inforces desirable reflections and attempts to minimize and control 
undesirable ones to even out the sound in the space.  Designers 
usually only consider the first acoustic reflection, as the second 
and third times the sound bounces is less noticeable.

When sound reflects off a hard polished surface, the re-
sult is termed a specular (mirror‐like) reflection. For a surface 
to reflect a sound wave, the reflecting surface must be larger 
than the sound wave. Acoustic designers sometimes place a 
reflecting panel above theater seats, sized to a minimum of 
one wavelength at the lowest frequency they are considering, 
to bounce the sound from the stage to the audience. The short 
wavelengths of high frequency sounds are reflected by hard sur-
faces, and can proceed unaltered through openings with little 
or no change.

Low‐frequency sounds with long wavelengths are not 
 reflected by small surfaces, but may be diffracted (bent) when 
they pass through openings in walls such as doors or windows. 
Low‐frequency waves are also diffracted by recesses, surface 
protrusions, and smaller combinations of reflective and absorp-
tive materials. Low‐frequency sound can form a circular wave 
front at an opening, and the opening may then seem to be the 
source of the sound that spreads from that point.

BuILdIng noISe controL
Noise affects design decisions regarding building siting, space 
planning, exterior and interior material selection, and natural 
ventilation (windows open for natural ventilation also let in out-
side noises). Mechanical equipment continues to be a source 
of noise, although this may decrease with energy efficient de-
sign. Productivity in offices is affected by noise generated as 
the space between occupants decreases and open office areas 
with minimal divisions become the norm. Noise is a major com-
plaint of residents in multifamily housing.

There are three basic ways to control noise in a building:

 1. Reduction at the source through proper selection and 
installation of equipment

 2. Reduction along the paths of transmission through proper 
selection of construction materials and construction 
techniques

 3. Reduction at the receiver through acoustic treatment of 
relevant spaces

controlling exterior noise
As buildings open up for views and ventilation, outside noise 
comes in. Traffic, construction, industrial plants, and sports 
 facilities all generate noise. On‐site noises include children’s Figure 8.2 Acoustic fields
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play areas, refuse collection, and delivery or garage areas. 
Sound can also be reflected from other buildings.

Solid exterior barriers must be close to either the source 
or the receiver to be effective, as sound may pass over barri-
ers at in‐between locations. Window and door openings can be 
oriented away from the sources of undesirable noise; multiple 
glazing of windows also helps.

Interior planning to deal with outside noise sources includes 
grouping quiet rooms in areas remote from the noise sources 
as well as clustering noisy areas together and isolating them 
from clusters of quiet areas.

The interior of the building can be screened from outside 
noise sources by using mechanical, service, and utility areas 
as sound buffers. Activities with higher noise levels should be 
located on the noisier side of the building.

Building materials and construction assemblies designed 
to reduce transmission of airborne and structure‐borne sound 
help control both exterior and interior noise sources. The walls, 
floor, and ceiling of the protected room should be heavy and 
airtight.

Weatherstripping on windows and doors will reduce wind 
noises and also cut the transmission of outdoor noises into the 
building, in addition to reducing heat loss. Rain and sleet noises 
can be reduced with heavier roof and window construction.

controlling Interior noise
The noise inside a building comes from the activities of the 
building’s occupants and the operation of building services. As 
we have already seen, additional sound comes in from outside 
the building.

equIPment noISe
The first step in quieting machine noise is to select quiet equip-
ment and install it away from inhabited parts of the building. 
Noisy equipment can be mounted with resilient fittings and 
housed in sound‐isolating enclosures.

Laundry machines, mixers, bins, chutes, and other machin-
ery with sheet metal enclosures that vibrate can create a lot 
of noise. The vibration can be dampened by permanently at-
taching a layer of foam to the vibrating metal, which converts 
the noise energy to heat. Adding a heavy limp material to the 
outside of the foam further reduces the noise. (See Figure 8.3)

Using flexible joints in all pipes and ducts connected to the 
machine breaks the connection from the vibration source to 
the building structure. Flexible conduit connections are used 
for all motors, transformers, and lighting fixtures with magnetic 
ballasts.

The motors and controls of elevators and escalators are lo-
calized sources of noise. If the spaces around them are located 
judiciously, their noise should not be a major problem.

mecHAnIcAL SyStem noISe
A building’s mechanical equipment has many noise‐producing 
components. The air handling system includes fans, com-
pressors, cooling towers, condensers, ductwork, dampers, 
mixing boxes, induction units, and diffusers, all of which can 
either generate noise or carry it to other locations.

See Chapter 14, “Heating and Cooling,” for more information 
about mechanical equipment.

Specifying quieter equipment and reducing equipment use 
with passive design both help reduce noise. Equipment noise 
level and vibration transmission can be partially controlled by 
mechanical isolation, shields, baffles, and acoustical liners.

Air turbulence generates noise that increases at sharp 
bends in ductwork. Lining ducts helps minimize crosstalk be-
tween rooms. Gluing damping material on the outside keeps 
thin metal duct walls from resonating. Separating adjacent 
ducts as much as possible helps as well. Enclosing ducts behind 
sound‐insulating construction or firmly attaching them to heavy 
walls can help. Grilles, registers, and diffusers can be selected 
to minimize noise output.

The building architect works with the mechanical engineer 
to design heavy construction to enclose rooms with mechani-
cal equipment. Mechanical rooms should be located to avoid 
equipment sounds intruding into interior occupied spaces or 
neighboring structures. Equipment spaces should be separated 
from spaces with critical acoustic requirements by as many bar-
riers as possible. Sensitive spaces include executive offices, 
conference rooms, sleeping areas, theaters, auditoriums, and 
worship spaces.

PLumBIng SyStem noISe
The piping for a building’s plumbing system can also be a 
source of noise, including both the normal sounds of water 
 rushing through uninsulated pipes and from water hammer 

Figure 8.3 Quieting equipment
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 (knocking noise in a pipe turned off rapidly) in improperly 
designed systems. Walls containing pipes and flushing toilets 
should not be adjacent to quiet areas. To contain noise, pipes 
should be wrapped in insulation and covered with impervious 
jackets.

Mechanical systems also include pumps and liquid flowing 
through piping. Pump noise and vibration can be controlled with 
resilient pipe hangers, flexible connections, and U‐joints.

Interior designers can plan the location for noise‐sensitive 
 areas such as bedrooms away from walls with potentially noisy 
plumbing.

Background noise
Background noise is any noise other than those sounds that an 
occupant wants to hear. The degree of noise reduction required 
depends on the difference between the sound level produced 
at its source and the level desired at the listener’s position. 
Unnecessary levels of sound reduction add to building costs 
and can produce an undesirably low background noise level. 
Consequently, it is important to establish the level of tolerance 
of the listeners.

Considerations for optimal background noise level include 
potential hearing damage, interference with speech, and level 
of annoyance. Critical listening tasks such as music and theat-
rical performance require special attention. Sudden noises in 
very quiet surroundings, slight noises that nonetheless disturb 
sleep, and even low‐level conversations in quiet spaces can be 
sources of annoyance.

rAtIng BAckground noISe LeveLS
There are a number of different systems that rate background 
noise levels. Noise criteria curves rate indoor noise including 
noise from equipment. Noise criteria (NC) values define ap-
propriate noise levels in decibels (dB) for various spaces. (See 
Table 8.1) The NC value represents a noise level at certain 
frequencies. It applies to constant noise that the brain tends to 
ignore, but not to sudden noises.

controLLIng BAckground noISe
The first action to take in order to meet appropriate background 
noise levels is to eliminate or reduce the source of the noise 
within the space. Next, increase sound absorption within the 
space and provide good sound isolation by reducing transmis-
sion of noises from elsewhere into the space. Other steps in-
clude lowering the power of the outside noise source, increasing 
the separating distance, and/or adding sound absorption in the 
source space. Modifying the source or transmission paths and 
relative positions of the source and listener can also help.

Sound trAnSmISSIon
Sound transmission involves the transfer of sound from one 
part of a building to another. A primary strategy for minimizing 
sound transmission involves high‐quality, airtight construction 
using acoustical sealant at all edges and joints. Materials should 
have high mass and be limp rather than stiff, with damping ma-
terials on the side away from the noise source. Walls should 
be full height from the top of one floor slab to the underside of 
the next for best performance. Double walls with an air space 
perform better than single ones.

Airborne and Structure‐Borne Sound
In practice, all sound transmission involves both airborne and 
structure‐borne sound. Airborne sound originates in a space 
with any sound‐producing source. Airborne sound changes to 
structure‐borne sound when the sound waves strike the room 
boundaries, but is still considered airborne because it originat-
ed in the air. Structure‐borne sound is energy delivered by a 
source that directly vibrates or hits the structure.

Airborne sound is usually less disturbing than structure‐
borne sound. The initial energy is usually very small and attenu-
ates rapidly at the room’s boundaries.

When airborne sound hits a partition, it can make  
the  partition vibrate, generating sound on the other side. (See 
 Figure 8.4) The sound will not pass through the partition unless 
an air path exists. If the partition is airtight, then the sound 
 energy may cause the structure itself to become a sound 
source by vibrating the partition. The partition vibrates mostly 

TAbLe 8.1 ReSIdenTIAL And OFFIce nc RATIngS

Type of Room or Space
Recommended nc 
Rating Level

Apartment house 25 to 35

Private homes 20 to 30

Hotel/motel guest rooms 25 to 35

Private offices 30 to 35

Open plan offices 35 to 40

Conference rooms 25 to 35 Figure 8.4 Sound passing through partition
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in the vertical plane, but also causes some energy to pass into 
the floor and ceiling, resulting in some structure‐borne sound.

AIrBorne Sound
Airborne sound changes directions (diffracts) easily. Low-frequency 
sounds are the most flexible, and can get around barriers. Sound 
leaks can occur at any air passages such as keyholes, cracks 
around doors or windows, or gaps between walls and floors that 
form acoustic bridges.

To control airborne sound, locate the source of the noise as 
far as possible from the listener. Within a room, porous materi-
als absorb sound and inhibit its reflection. Some sound energy 
is attenuated, but some will pass through a porous material, 
with thicker materials attenuating more sound. Absorptive ma-
terials on the inside surface of a space will reduce sound levels 
by about 6 dB at most.

Structure‐Borne Sound
Structure‐borne sound involves energy delivered by a vibrat-
ing or impacting source directly contacting the building’s 
structure. (See Figure 8.5) Structure‐borne sound generally 

has a much higher initial energy level and travels much faster 
than airborne sound. It attenuates less as it travels through 
the structure, and tends to disturb large sections of the build-
ing. With  structure‐borne sound, the entire structure becomes 
a network of parallel paths for the sound. Although it radiates 
very little from a massive structure, it can still be annoying. 
When it meets a large mass, the mass minimizes the vibration 
in that direction.

Continuity of the building structure is essential to structural 
stability, but makes controlling impact noise more difficult. Even 
when the structure is set in motion by direct contact with vibra-
tion or impact, a solid sound path usually terminates by radiat-
ing airborne sound. (See Figure 8.6)

Partial solutions fail when sound finds a flanking path (the 
acoustic path of least resistance). Adding mass does not usually 
block structure‐borne sound, especially in buildings with long 
spans. The floor becomes a diaphragm, improving structure‐to‐
air noise transfer efficiency like a drumhead. Exposed structural 
ceilings further reduce the attenuation that would occur in a ple-
num above a suspended ceiling. As most structure‐borne sound 
is carried by floor structures, the sound radiates up and down 
into the rooms above and below.

dIScontInuouS conStructIon
discontinuous construction improves both airborne and 
structure‐borne sound transmission problems. (See Table 8.2) 

Figure 8.5 Structure‐borne sound Figure 8.6 Vibration and structure‐borne sound
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Figure 8.8 Wall construction STc samples

When a wall is divided into two separate layers, vibrations are 
not easily passed from one layer to the other. Two wall layers 
generally decrease sound transmission more than a single wall 
equal to their combined thicknesses.

Layers within walls can be separated with resilient clips 
or rubber spacers. Layers should preferably be dissimilar, for 
example, by using different numbers of gypsum wallboard 
sheets. Insulating the wall cavity also helps.

measuring Sound transmission
Sound transmission is measured by transmission loss and by 
sound transmission class.

trAnSmISSIon LoSS (tL)
Transmission loss (TL) is a measure of the performance of a 
building material or construction assembly in preventing trans-
mission of airborne sound. Transmission loss rates the differ-
ence in the sound pressure level of acoustic energy between 
the incident side and the opposite side of the construction. It is 
equal to the reduction in sound intensity as it passes through 
the material or assembly, as derived in controlled laboratory 
tests. TL is measured using the decibel scale.

A wall’s TL indicates its sound‐insulating quality. The TL of 
a wall is related to the wall’s physical characteristics, which 
include mass (heaviness and density), rigidity (layers and air 
spaces), absorbency of materials, and method of construction 
and attachment. (See Figure 8.7) In general, the TL is greater 

for denser, heavier construction, which is more difficult for 
sound energy to set in motion.

Sound trAnSmISSIon cLASS (Stc)
The sound transmission class (STc) is a rating of the per-
formance of a building material or construction assembly in 
preventing transmission of airborne sound. The STC measures 
the average transmission loss over a wide range of frequencies, 
adjusted for the sensitivity of the human ear.

STC ratings are typically used for interior walls. (See   
Figure 8.8) The higher the STC rating, the greater is the wall’s 
sound‐isolation value. An open doorway has an STC value 
of 10. Normal construction has STC ratings from 30 to 60.  
Special construction is required to achieve an STC rating 
over 60.

Sound barriers with the same STC can perform quite 
 differently. Increasing mass typically increases the STC rating. 
Adding acoustic insulation can increase the rating by 6 dB or 
more. Other effective techniques include resilient mounting and 
staggered studs.

Without acoustical sealant properly installed, a wall with 
nominal STC 50 will perform at around 30 STC. Airtight seals 
are required for acoustic control at doors, pipe and duct pen-
etrations, and all construction joints.

Double glazing and greater glazing thicknesses increase 
the STC rating for windows and doors. The frame should be 
caulked, with gasketing all around.

To maximize STC ratings, doors should be either solid core 
or hollow core filled with a sound‐absorbing material. They 
should not be undercut or have grilles or louvers. A raised sill 
provides a better seal.

Noise can find a flanking path when partitions reach only up 
to a suspended ceiling. (See Figure 8.9) Partitions should ideally 
extend to the structural slab above. When this is not possible, 
a large amount of sound‐absorbing material can be used above 
the suspended ceiling.

The US Federal Housing Administration (FHA) uses STC 
ratings to specify grades of construction to limit sound trans-
mission. Sound isolation requirements are generally divided into 
requirements for walls and for floors.

TAbLe 8.2 dIScOnTInuOuS FLOOR cOnSTRucTIOn

Floor Type
Reduction compared to 
bare concrete

Thin composition tiles on 
concrete floor

2 to 5 dB

Cork tile 5/16" (8 mm) thick Around 10 dB

Thick carpet More than 20 dB

Wood floor finish on sleepers 6 to 7 dB

Wood floor with resilient 
strips of mineral wool or 
fiberglass under battens

Around 12 to 14 dB

Mass Layers Absorption

Figure 8.7 Factors affecting transmission loss
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Sound ABSorPtIon
A room’s ability to absorb sound depends on its size and geom-
etry, the hardness of it surfaces, the frequencies of the sound, 
and the distance of listeners from the source of the sound. The 
acoustic treatment of a space starts with reducing the source 
of the noise as much as possible, followed by control of un-
wanted sound reflections. Sound will be tempered by how much 
absorptive material it encounters in the room, and by how much 
of it can be distinctly heard above any background noise. (See 
Figure 8.10) Speech privacy is another major acoustic con-
cern for the interior designer. Sometimes it is also necessary 
to decrease or increase reverberation time for sound clarity 
and quality.

reducing Acoustic energy
Noise is reduced within a building by intercepting the sound en-
ergy before it reaches our ears. Sound waves that are absorbed 
are dissipated in immeasurably small flows of heat created by 
friction between moving molecules of air and the walls of a po-
rous material’s pores. Most of this heat can easily be absorbed 

by the room contents and wallcoverings, and by the structure 
of the building itself.

room Sound quALIty
Both the background noise level and the reverberation time af-
fect the acoustic quality of a space. As noted above, the back-
ground noise level is the general noise level within a space, 
excluding any sound related to the intended use of the space. 
The reverberation time is the amount of time a sound can be 
sustained within a space. Reverberation makes a sound fuller, 
but too long a reverberation time hinders speech intelligibility.

A space with many absorptive surfaces that does not sup-
port sound is termed a dead space. A live space has reflec-
tive surfaces to sustain the sound through several reflections 
before it attenuates to the point of inaudibility. Live spaces aid 
speech audibility and musical sounds. Too lively a space pro-
duces distorted sounds.

measuring Sound Absorption
Sound absorption is measured by a material’s sound absorption 
coefficient or its noise reduction coefficient.

Sound ABSorPtIon coeFFIcIent (SAc)
The performance of sound absorbing materials is described 
by the sound absorption coefficient (SAc). (See Table 8.3) 
The SAC ratings run from 0 to 1, with 1 indicating total sound 
absorption. The SAC can be used to calculate the actual sound 
absorption of material in a space by multiplying the SAC by the 
exposed surface of the materials.

noISe reductIon coeFFIcIent (nrc)
In order to give a useful and general idea of a material’s ability 
to absorb sound at a variety of frequencies, the absorption coef-
ficients at 250 Hz, 500 Hz, 1000 Hz and 2000 Hz are averaged 
together for the noise reduction coefficient (nRc). (See Table 
8.4) The NRC is useful as a single‐number criterion for measuring 
the effectiveness of a porous sound absorber at midrange frequen-
cies. It does not accurately indicate the material’s performance at 
high or low frequencies. Because it is an average, and two materi-
als with the same NRC may perform differently.

Figure 8.9 Less than full height partitions

Source room Receiving room

Background     sound level

Absorption, 
TL, and wall area 
decrease 
sound level

Figure 8.10 background sound in adjoining space

TAbLe 8.3 SAmpLe SOund AbSORpTIOn 
cOeFFIcIenTS
material SAc

Acoustic tiles 0.4 to 0.8

Brickwork, painted 0.01 to 0.02

Cork sheet, ¼" (6 mm) 0.1 to 0.2

Hardwood 0.3

Plaster walls 0.01 to 0.03

Plywood panel, (3 mm) 0.01 to 0.02

Polyurethane foam, flexible 0.95
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SOund AbSORpTIOn STRATegIeS
Adding absorptive materials to a room changes the room’s 
 reverberation characteristics. This is helpful in spaces with dis-
tributed noise sources, like offices, schools, and  restaurants.

For maximum noise reduction, apply sound absorbing materi-
als to cover the ceiling fully. Some spaces will require sound 
absorption on the walls as well.

ABSorPtIve mAterIALS
The contents of the space control the noise levels within 
the space, while the construction of the building controls 
the transmission of noise between spaces. In a normally 
 constructed room without acoustical treatment, sound 
waves strike the walls or ceiling, which then transmit a small 
portion of the sound. The walls or ceiling absorb another 
small amount, while most of the sound is reflected back into 
the room.

The amount of transmission to an adjoining space is de-
termined primarily by the mass of the solid, airtight barrier 
between the spaces, not by the surface treatment. However, 
the amount of sound that is reflected off the surfaces back 
into the room is greatly decreased by absorptive materials. 
When acoustic material is applied to a wall or ceiling, some 
of the energy in the sound wave is dissipated before the 
sound reaches the wall, and the portion that is transmitted 
is  reduced slightly. In addition to materials designed spe-
cifically for acoustic treatment, furniture, finishes, and even 
people’s bodies can provide sound absorption.

A material’s sound absorption depends on its thickness, 
density, porosity, and resistance to airflow. Paths must extend 
from one side of the material to the other, so that air will pass 
through. Sealed pores do not work for sound absorption, and 
painting may ruin a porous absorber such as an acoustic ceil-
ing tile. A porous, fibrous, thick material that smoke can pass 
through should make a good sound absorber.

Sound absorbing materials are most effective for high‐fre-
quency sounds. Thicker materials absorb more sound, including 
more low‐frequency sound. Soft, fragile sound-absorbing mate-
rials are best used out of reach on ceilings rather than on walls. 
Any decorative or protective coverings for sound absorbent 
materials must be very thin and open, such as open weave fab-
ric or perforated films or sheets. It is best to distribute sound 
absorbing materials over a larger area than to concentrate them 
in one location.

There are three families of absorptive materials: fibrous 
materials, panel resonators, and volume resonators. Panel 
and volume resonators are usually used to control specific 
frequencies.

FIBrouS mAterIALS
Most sound absorbing materials are composed of fibrous or 
open cell structures that let air pass through tiny passageways, 
where it is attenuated by friction. (See Table 8.5) The amount 
of sound absorption depends on a material’s thickness, density, 
porosity, and resistance to airflow. (See Figure 8.11)

Fuzzy materials are good sound absorbers for high- and me-
dium‐frequency sounds, but not very effective at low frequen-
cies. Very thick blocks of absorptive material installed at a dis-
tance from each other can produce very high edge absorption, 
especially for high frequencies. These large blocks can have an 
absorption coefficient greater than 1.0.

Cellulose fiber is a sound-absorbing material made from recy-
cled newspaper that is the basis of acoustical tile, wood wool, 
fibrous sprays, and other acoustical products.

InStALLAtIon oF ABSorPtIve mAterIALS
Absorptive material primarily affects the amount of sound re-
flected. (See Figure 8.12) The amount of sound energy transmit-
ted depends mostly on the mass of the solid airtight barrier.

TAbLe 8.4 SAmpLe nOISe ReducTIOn 
cOeFFIcIenTS
material description nRc

Brick Painted 0.00

Concrete Floor 0.00

Glass Ordinary window glass 0.15

Gypsum board ½" (13 mm) on 2×4s at 16" 
(406 mm)

0.05

Plaster On lath or brick 0.05

Carpet Heavy, on concrete 0.29

Heavy, on carpet pad 0.55

Fabric Light velour, in contact with 
wall

0.15

Medium velour draped to 
half area

0.55

Heavy velour, draped to half 
area

0.60

Flooring Terrazzo 0.00

Linoleum, rubber, or cork 0.05

Wood 0.10

Paneling Plywood 3/8" (10 mm) thick 0.15

Thin wood, vibrating 0.05

Tile Marble or glazed 0.00

Acoustic ceiling 
tiles and panels

5/8" (16 mm) fissured 0.60

5/8" (16 mm) textured 0.50
5/8" (16 mm) perforated 0.60
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Installation methods are very important in determining the 
effectiveness of an absorptive material. (See Figure 8.13) As 
indicated earlier, for effective absorption, air paths must extend 
from one side of the material to the other, and sealing or paint-
ing a material can ruin its ability to absorb sound.

For best results, treat the ceiling, floor, and wall opposite the 
sound source approximately equally. Treating the ceiling alone 
may miss highly directive high frequency waves, which may not 
reach the ceiling until the third reflection off a surface.

Most materials are better at absorbing high frequencies 
than low ones. A layer of air between the absorptive material 
and a rigid surface works almost as well in mid‐range frequen-
cies as if the same cumulative thickness of absorptive material 

TAbLe 8.5 SeLecTed FIbROuS mATeRIALS
material description nRc Rating (mm)

Cementitious 
wood fiber 
panel

Fibrous surface absorbs 
sound. Exposed on 
ceiling or walls to 
reduce noise and 
reverberation.

1" (25) plank 0.40; 
up to 0.65 for 3" 
(76) thick planks

Acoustical 
foam, open 
cell

Air can be blown 
through foam. Excellent 
sound absorber if 
thick. Upholstered seat 
cushions.

¼" (6) thick 0.25; 
2" (51) thick to 
0.90

Fiberglass 
or mineral 
fiber batts, 
blankets

Reduce noise and 
reverberation, 
depending on facing 
and thickness. 
Inside stud walls, or 
behind fabric or open 
grill. Ceiling behind 
perforated pans.

Up to 0.90

Fibrous board Rigid or semi‐rigid 
boards. Wall or ceiling 
panels with sound‐
transparent facings 
including fabrics.

1" (25) 0.75; 2" (51) 
around 0.90

Fibrous spray‐
on insulation

Porous, absorptive, fire-
resistant. Performance 
depends on thickness, 
application technique.

1" (25) thick coat 
0.60 or higher.

Loose 
acoustical 
insulation

Blown or dumped in 
place. Reduces sound 
transmission through 
partition.

0.75 to 0.82

Figure 8.11 Acoustical batt insulation 
Source: Courtesy of Herb Fremin

Figure 8.12 Sound waves striking barriers
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were used, which is useful to know because air is cheaper than 
other materials. The thickness of a material does little to in-
crease its absorbency, except at very low frequencies. To get 
the best low‐frequency absorption, you need a deep air space 
on the ceiling, and the walls should be treated as well.

The most effective way to install acoustically absorbent 
material is to hang three‐dimensional shapes from the ceiling. 
When you use very thick blocks installed at a distance from 
each other, the edge absorption is very large, especially in the 
high frequencies. However, these objects become major archi-
tectural elements in the space. Baffles offer a somewhat less 
effective but less conspicuous option.

PAneL reSonAtorS
panel resonators consist of a membrane of thin plywood or 
linoleum in front of a sealed air space that usually contains an 
absorbent material. The panel is set in motion by the alternating 
pressure of the sound wave, and the sound energy is converted 
to heat. Panel resonators are used for efficient low‐frequency 
absorption. They are often used in recording studios.

voLume reSonAtorS
Volume resonators (also known as cavity or Helmholtz reso-
nators) are usually hollow concrete blocks with open slits that 
allow sound waves to enter. They create a resonance in hol-
low constructions whose natural frequencies match that of the 
sound. Air within the hollow acts as a spring, oscillating at a 
related frequency. Because a resonating body absorbs energy 
from the sound waves that excite it, resonating devices can ab-
sorb sound energy. Entering sounds reflect off interior surfaces 
and must reemerge from the small opening to be heard. Volume 
resonators can be tuned to different frequencies.

reverberation
Reverberation can be considered as a mixture of previous and 
more recent sounds. The reverberation time indicates how long 
a sound will be sustained in a space. It is defined as the time it 
would take for a sound level to diminish by 60 dB.

Reverberation and reverberation time are introduced in Chapter 7, 
“Acoustic Design Principles.”

Both the physical size of a space and the amount of sound 
absorption it contains determine the length of time a sound is sus-
tained. The small but appreciable delay between hearing a sound 
directly from its source and hearing the sound reflected off a room 
surface contributes to the acoustical ambience of the space.

The reverberation time is dependent on the dimensions and 
configuration of the space and the amount and placement of 
sound absorbing materials. In spaces with large wall surfaces, 
such as those with very high ceilings, sound‐absorbing material 
may be needed on the walls as well as on the ceiling and floor.

Reverberation times can be adjusted by altering the amount 
of sound absorption in the space, by adjusting the acoustic vol-
ume of the space (for example, by combining it with an adjacent 
space), or electronically with a sound reinforcement system 
(preferably as a last resort).

Sound ISoLAtIon
Sound isolation generally depends on mass, resiliency, and 
tightness. The more massive a barrier, the less likely sound is 
to make it vibrate significantly and the less sound will be trans-
mitted. Movement on one side of a resilient barrier is less likely 
to be transmitted to the other side because an air space allows 
movement independent of the two sides. The tightness of a bar-
rier’s construction will minimize or eliminate openings that could 
transmit sound.

mass
Most partitions are built of light, upright framing members with 
plaster or gypsum wallboard surfaces attached to both sides. 
This construction does not provide a very good sound barrier. 
Adding more layers of gypsum wallboard to one or both sides 
increases the wall’s mass and improves acoustic performance. 
Resilient metal clips improve the sound barrier, and fibrous 
batts inside the wall help even more.

A thick brick wall makes a good sound barrier between 
rooms. Concrete blocks are somewhat porous, so more sound 
passes through; adding a plaster finish helps.

There are practical limits to increasing the transmission 
loss (TL) by adding mass to a wall. The maximum theoretical 
increase in transmission loss with increase in mass is 6 dB per 
doubling of mass; in practice, actual homogenous walls per-
form even less well.

Figure 8.13 Installation of absorptive materials
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Figure 8.15 Staggered‐stud partition plan

For information on other roles of massive construction, see 
Chapter 12, “Principals of Thermal Comfort.”

resiliency
The stiffness of a barrier is determined by its material and the 
rigidity of its mounting. In a stiff material, the sound energy 
motion is passed from molecule to molecule, conducting sound 
very efficiently. The stiffer a barrier, the more it will be set in 
motion by sound energy.

Less stiffness results in high internal damping. The mo-
tion of the molecules is not transmitted well, so less stiff ma-
terials are good sound insulators. Stiffness transmits the most 
sound at low frequencies.

Resilient furring channels separate the wall’s structure 
from its surface material. (See Figure 8.14) They make the wall 
less stiff, inhibiting the transfer of vibrations through to the 
other side.

The transmission loss of a sound barrier can be improved 
by constructing it as two separate layers that are not rigidly 
interconnected. The air cavity between reduces the stiffness of 
the barrier, and improves its ability to block sound. Filling the 
void with porous sound‐absorbing material increases the trans-
mission loss. Any rigid interconnections decrease performance, 
and a common stud wall will perform in a manner similar to a 
single‐material wall.

tightness
A wall construction’s tightness affects its sound isolation ability, 
as any point on an acoustic wavefront is a potential origin of a 
new wave. This means that any sound that passes through an 
opening in an acoustic barrier could potentially spread out from 
the point of entry to fill the entire space.

compound Barriers
Compound barriers and cavity walls improve transmission loss 
when the void between the two sides of the wall is filled with po-
rous, sound‐absorbent material. This decreases the stiffness of 
the compound structure, and absorbs sound energy reflecting 
back and forth between the inside wall surfaces.

Light-gauge steel studs used to frame partitions are lightly 
resilient, which helps the wall attenuate sound. Heavy-gauge 
steel studs and wood studs are stiffer and offer less sound 
attenuation.

When one layer of gypsum wallboard is attached to the 
framing with resilient metal clips, structure‐borne transmission 
of sound through the partition is reduced substantially.

Staggered‐stud partitions are framed with two separate 
rows of studs arranged in a zigzag fashion and supporting op-
posite faces of the partition; this produces a wider wall. (See 
Figure 8.15) This type of wall is often used to reduce sound 
transmission in recording studios. A fiberglass blanket can be 
inserted between the rows of studs.

The more layers of rigid but flexibly installed material sepa-
rated by airspaces that are used, the less sound will make it 
through an opening in the wall. Special acoustic liners are pro-
duced to fit inside the openings in concrete blocks, significantly 
increasing a CMU wall’s acoustic transmission loss.

Gypsum wallboard is not very heavy or thick but provides 
fairly good sound attenuation. As indicated earlier, the most 
effective construction detail for blocking sound uses multiple 
layers of gypsum wallboard with a resilient separation between 
the two faces of the partition, and with absorptive material in 
the staggered stud space. The wallboard joints must be per-
fectly sealed. Gypsum wallboard is highly reflective of higher 
frequencies and will resonate unless it is attached directly to a 
solid substrate without an air space, so that it will absorb low 
frequency sounds.

Floor/ceiling Assemblies
The most disturbing noise tends to be that which radiates down 
from the ceiling. A flexibly suspended ceiling with an acousti-
cally absorbent layer suspended in it is effective if there are no 
flanking paths leading into walls and reradiating into the space 
below. The insulation is usually 3" to 6" (76 to 152 mm) thick and 
not packed tightly into the space; it may lie above the ceiling 
or be attached to the underside of the floor. (See Figure 8.16)

Two or more layers of gypsum wallboard on a metal channel 
frame suspended from vibration isolation hangers can replace 
or be added to an existing ceiling. A double‐layer gypsum board 
ceiling can also be installed on resilient channels or clips, with 
fiberglass insulation in the cavity.

Installing a resilient layer between the structural floor and 
a hard finish floor treatment like marble, ceramic tile, or wood 
will help cushion impacts. Resilient products are often installed Figure 8.14 Resilient furring channel

Gypsum wallboard

Gypsum wallboard

Wood studs

Acoustical insulation
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beneath light-weight gypsum concrete or other light-weight level-
ing materials. Floor underlayment consisting of pre‐compressed 
molded glass fibers is used to control sound transmission of 
both impact and airborne noise in floor systems. The sound 
matt is installed between a plywood subfloor and the floor’s 
finish material. It provides enough stiffness to prevent grout 
cracking in tile floors, while being resilient enough to greatly 
reduce noise.

For more information on floor/ceiling assemblies, see Chapter 5, 
“Floor/Ceiling Assemblies, Walls, and Stairs.”

Special Acoustic devices
When the building design calls for the placement of quiet spac-
es next to, under, or over noisy mechanical equipment rooms, 
kitchens, or manufacturing spaces, additional measures must 
be taken to assure that quiet spaces will remain quiet. A room 
within a room can be created with double partitions, a high 
mass ceiling, and a floating floor.

Acoustical product manufacturers have developed sys-
tems for gypsum wallboard that isolate the partitions from the 
structure while providing lateral restraint to prevent toppling or 
collapse. The systems include resilient, load‐bearing underlay-
ment, vertical joint isolation material, sway braces, and top wall 
brackets. Other acoustic devices include air springs, resilient 
hangers, vibration isolators, resilient mounts, flexible connec-
tions, and gaskets.

Sound trAnSmISSIon 
Between SPAceS
Sound can be transmitted through steel, wood, concrete, ma-
sonry, or other rigid construction materials. The sound of a per-
son walking is readily transmitted through a concrete floor slab 
into the air of the room below. A metal pipe can carry plumb-
ing noise throughout a building. A structural beam can carry 
the vibrations of a vacuum cleaner to an adjacent room, or the 
rumble of an electric motor throughout a building.

Sound transmission from one space to another depends on 
the sound‐insulating qualities of the construction between the 
spaces. Wherever an opening exists—even a keyhole, a slot at the 
bottom of a door, or a crack between a partition and the ceiling—
sound will move from one room to another. To seal construction to 
sound leaks, weatherstrip cracks around windows and doors and 
close all other cracks and openings with airtight sealants.

walls and Partitions
Partitions from the top of the floor slab to the underside of the next 
floor provide maximum sound isolation. For best results, partitions 
should be built in as massive and airtight manner as possible.

As the area of a common barrier such as a wall or floor/ceil-
ing between two spaces increases, so does the likelihood that 
sound will be transmitted.

A basic partition comprising single wood studs 16" (406 
mm) on centers, ½" (13 mm) gypsum board on both sides, and 
an air cavity has an STC of 35. Adding gypsum board, resil-
ient channels, or staggered or double stud construction will 
increase the STC.

The overall acoustic performance of composite walls—
those walls with a window, door, vent, or other opening—is 
strongly affected by the element with the highest sound trans-
mission. The acoustical quality is harmed less if the poor‐per-
forming element is much smaller than the better performing 
parts of the wall. However, even a very small opening seriously 
degrades the ability to keep sound within the room.

Flanking Paths
Sound will find parallel or flanking paths, acting like an acoustic 
short circuit. (See Figure 8.17) It is important to avoid locating 
doors and windows where they will allow shortcuts for sound. 
The most common flanking path is a plenum with ductwork, reg-
isters, and grilles. A plenum will make an excellent intercom un-
less it is completely lined with sound absorbent material. Even 
then, low-frequency sound will still get through.

As we have seen, sound can pass through a light, rigid ceil-
ing, then over a partition, and down through the ceiling of an 
adjacent room. A ceiling can be made more resistive to sound 
transmission by using a solid backing, a resilient mounting, or 
airtight construction with an air space with insulating material 
above. Extending a partition to the underside of the horizontal 
construction above will help block sound leaks through ceilings.

duct LInIng
duct lining is acoustical insulation that is usually made of fi-
berglass impregnated with a rubber or neoprene compound to 
avoid fibers from coming loose in the air current. Duct lining 
absorbs sound and attenuates noise. It does not work as well 
for low frequencies as for high ones.

Figure 8.16 Insulation above suspended ceiling
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Moisture can condense on linings from cool air moving 
through the ducts, creating environments for the growth of mi-
croorganisms that can then be blown throughout the building. 
Duct linings should be avoided where the airflow may be con-
taminated or in health care areas like burn units, unless the air 
is filtered before entering the room.

SeALIng PenetrAtIonS
To keep sound from traveling flanking paths, it is important to 
isolate piping by caulking all penetrations with resilient sealant 
to avoid air or sound leakage. Envelope perforations such as 
pipe sleeves, electrical raceways, back‐to‐back electrical out-
lets in walls, recessed panelboards, and duct openings must be 
tightly sealed against sound leaks.

doorS And Sound trAnSmISSIon
Doors vary in their ability to block sound. (See Table 8.6)  Folding or 
sliding doors typically provide very low acoustic privacy, although 
there have been some recent improvements. Hollow core doors do 

not provide much acoustical insulation; they may be adequate from 
a room to a corridor, but probably not to an adjacent room. Heavier 
doors that close tightly against rubber gaskets and are sealed at 
the threshold are better. Double doors with an insulated air space 
between them create a sound trap. Louvered and undercut doors 
are useless as sound barriers.

For more information on doors, see Chapter 6, “Windows and 
Doors.”

There are many kinds of door seals. All of them block the gap at 
the doorjamb with a compressible material. An acoustic door sweep 
is a simple way to block the gap at the bottom. (See Figure 8.18) 
Other door seals use magnets. (See Figures 8.19 and 8.20)

Two gasketed doors, preferably with enough space between 
them for a door swing, can be used to create a sound lock. 
(See Figure 8.21) All surfaces in the sound lock are completely 

Through HVAC ductsOver tops
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joints

Through 
heating units
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Below partition joints

Below floors
and above
suspended
ceilings

Figure 8.17 Flanking paths
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TAbLe 8.6 TypIcAL STc VALueS FOR dOORS
door construction (mm) STc

Louvered door 15

Any door with 2" (51) undercut 17

1 ½" (38) hollow core door no gaskets 22

1 ½" (38) hollow core door, gaskets and drop 
closure

25

1 ¾" (44) solid wood door, no gaskets 30

1 ¾" (44) solid wood door, gaskets and drop 
closure

35

Two hollow core doors, gasketed all around, with 
sound lock

45

Two solid core doors, gasketed all around, with 
sound lock

55

Special commercial construction, with lead lining 
and full sealing

45–65

covered with absorbent materials and the floor is carpeted. A 
sound lock will increase attenuation by a minimum of 10 dB, and 
by as much as 20 dB at some frequencies.

To avoid doors in residential buildings, including private 
homes, apartments, dormitories, hotels, and commercial of-
fices from transmitting sound across a corridor, they should not 
be located directly across from each other. (See Figure 8.22)

Solid‐core doors are much superior to hollow‐core doors 
as barriers to sound. (See Figure 8.23) The construction and 
installation of the frame also make a difference.

Special sound‐insulated wood flush doors have their faces 
separated by a void or a damping compound. They are installed 
with special stops, gaskets, and thresholds.

Metal strip

Mounting 
holes

End filled
with
rubber

Figure 8.18 Acoustic door sweep
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Figure 8.19 Acoustic door seal with magnet
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Figure 8.20 Acoustic door jamb seals 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings, Twelfth Edition, 
Wiley 2015, page 1094
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For more information on doors and windows, see Chapter 6, 
“Windows and Doors.”

wIndowS And Sound trAnSmISSIon
Exterior walls usually have a high STC, but windows are their 
weakest part. Sound leaks through cracks in operable windows 
are more critical for keeping sound out than the type of glazing. 
Weatherstripping for thermal reasons helps acoustical perfor-
mance. The manner of opening and the window placement also 
affect transmission loss.

Plate glass ½″ (13 mm) thick has an STC in the low 30s. 
Laminated glass of the same thickness may approach an STC 
of 40.

Impact noise
Impact noise is often the greatest acoustic problem in buildings 
with multiple residents. The most common impact noise prob-
lem is footfalls. A carpeted or cushioned floor can help, as can 
a floating floor. Kitchens and bathrooms should be stacked and 
not located over living rooms or bedrooms. Specify soft acrylic 
or felt sliders for chairs and other movable furniture.

controLLIng ImPAct noISe
Two basic methods of controlling impact noise include prevent-
ing or minimizing the impact, and attenuating the impact noise 
once it occurs. Cushioning the initial impact that produces a 
noise will frequently eliminate all but severe problems.

Impact noise on a floor is more serious than on a wall, 
where the joint between the floor and wall partially attenuates 
the noise. Floor impacts, on the other hand, introduce noise 
directly into the building structure. Resilient flooring such as 
rubber, cork, or linoleum floor tile reduces impact noise trans-
mission. Carpet on a pad works even better.

Install closers on wall cabinetry to decrease impact vibration 
that reradiates as sound to the adjacent space.

A floating floor separates the impacted floor from the struc-
tural floor using a resilient element such as rubber or mineral 
wool pads or blankets or metal spring sleepers to spread the 
load evenly over a large area. A floating floor requires airtight 
construction, especially where partition rests on it.

A suspended ceiling with an acoustically absorbent layer 
separates the impacted floor slab from the ceiling. The floor 
above must also be decoupled from walls below it.

ImPAct InSuLAtIon cLASS (IIc)
The impact insulation class (IIc) is a rating for floor construc-
tion, similar to the STC rating for walls. The IIC rates the abil-
ity of a floor system to isolate impact noise. A higher rating is 
better. The IIC rating is based on tests of actual constructions. 

Figure 8.21 Sound locks
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It is influenced by the weight of the floor system and of the 
suspended ceiling below, the sound absorption in the cavity be-
tween the floor and ceiling, whether the floor is carpeted or not, 
and the type of building structural system.

materials and Acoustics
The characteristics of materials affect their acoustic perfor-
mance. Composite materials such as concrete or organic ma-
terials such as wood do not conform to the general rules for 
homogenous materials made of a single material.

mASSIve mAterIALS
Acoustically massive materials like concrete and brick reflect 
sound while resisting vibrations that could allow the sound to 
continue on in adjacent spaces. (See Figure 8.24, Table 8.7)

reFLectIve mAterIALS
A smooth, dense wall of painted concrete or plaster absorbs 
less than 5 percent of the sound striking it, making an almost 
perfect sound reflector. A gypsum wallboard partition will re-
flect most of the sound waves that hit it, but allow sound to 
pass through openings. (See Figure 8.25) Resilient flooring such 
as cork, rubber, vinyl, or linoleum sheet or tile, reflects sound, 
although it is acoustically useful to cushion impact noises.

Glass reflects higher frequencies almost completely. Glass 
attenuates sound only slightly, although well‐separated double‐
glazing offers superior sound attenuation, as do some types of 
laminated glass. Because glass resonates, it will absorb good 
amounts of low frequencies.

For interior glazing, laminated glass set in resilient framing have 
more mass and offer better damping than plain glass in rigid frames.

Plywood is relatively ineffective for attenuating sound. Thin 
plywood furred out from a solid wall is a good absorber of low 
frequencies. Plywood is quite reflective at high frequencies.

AcouStIcALLy trAnSPArent SurFAceS
Soft, porous, acoustically absorbent materials are often cov-
ered with perforated metal or other materials for protection and 
stiffness. These coverings are designed to be acoustically 
transparent. Staggering the holes improves absorption.

Open-weave fabric is almost completely transparent to 
sound. However, applying a thin layer of wallcovering to a 
sound‐reflective material like gypsum wallboard will make little 
difference in the amount of sound reflected.

AcouStIc ProductS
ceiling Products
The ceiling is the most important surface to treat for sound 
absorption. Some of the fibrous materials we discussed above 
are used for ceilings, either openly or covered with acoustically 
transparent fabrics or perforated panels. There are also prod-
ucts designed specifically for the acoustic treatment of ceilings, 
the most common of which is acoustic ceiling tile.

AcouStIc tILe
Acoustic (acoustical) tiles are excellent absorbers of sound 
within a room, where they help lower noise levels by absorbing 

Figure 8.24 Interior brick and concrete wall, Stata center, 
massachusetts Institute of Technology

Figure 8.25 gypsum wallboard partition with openings 
Source: Courtesy of Herb Fremin

TAbLe 8.7 mASSIVe mATeRIALS
material Acoustic properties

Brick Good attenuation, very little sound 
absorption, reflects all frequencies.

Concrete Absorbs almost no sound, 
attenuates sound well. Will carry 
and transmit impact sounds.

Concrete masonry units 
(CMUs)

With hollow cores, attenuate 
sound well. Are slightly porous 
unless painted or sealed; if sealed, 
reflect all frequencies well.

Stone, reconstituted 
materials, terrazzo

Thick stone walls attenuate 
sound very well. Marble is very 
acoustically reflective. Naturally 
porous stone is less reflective.
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some of the sound energy. Acoustic tiles are usually installed in 
metal ceiling grids that allow them to be removed for access to 
the plenum. (See Figure 8.26) To improve resistance to humid-
ity, impact or abrasion, tiles are available factory painted, or 
with ceramic, plastic, steel or aluminum facing.

Acoustic tile is made of mineral fiber or fiberglass. Mineral fiber 
tiles have NRC ratings between 0.45 and 0.75. Faced fiberglass 
tiles are rated up to NRC 0.95 and are often used in open office 
applications. Acoustic tiles are both light-weight and low density, 
and can be easily damaged by contact. Consequently, they are not 
recommended for walls and other surfaces within reach.

Tiles are available in size multiples of 12″ (nominal 305 mm) 
from 12″ by 12″ (305 by 305 mm) up to 48″ by 96″ (1219 by 
2438 mm), and thicknesses of ½″, ″, and ¾″ (13, 16, and 
19 mm). The thicker the tile, the better the absorption. Edges 
may be square, beveled, rabbeted, or tongue‐and‐groove. 
Acoustic tiles come in perforated, patterned, textured, or fis-
sured faces. Some tiles are fire-rated, and some are certified by 
their manufacturer for use in high‐humidity areas.

Acoustic tile is usually suspended from a metal grid, but 
can also be attached to furring strips or glued to solid surfaces. 
Suspended applications absorb more low‐frequency sound than 
glued‐on tiles.

Suspended grids create space for ductwork, electrical conduit, 
and plumbing lines. They allow lighting fixtures, sprinkler heads, 
fire-detection devices, and sound systems to be recessed. The 
grid consists of channels or runners, cross tees, and splines sus-
pended from the overhead floor or roof structure. (See Figure 8.27) 
The grid may be exposed, recessed, or fully concealed.

In addition to absorbing sound within a room, acoustic tiles 
may also attenuate sound passing through to adjacent rooms. 
This can be critical where partitions stop against or just above 
the ceiling to create a continuous plenum. Tiles for sound at-
tenuation in this use are usually made of mineral fiber with a 
sealed coating or foil backing.

PerForAted metAL PAnS And PAneLS
Perforated metal pans are backed by acoustic fillers and are 
used on ceilings and walls to absorb sound. (See Figures 8.28 
and 8.29) Perforated metal pans and panels are available as 

Figure 8.26 Acoustic ceiling tiles 
Source: Courtesy of Herb Fremin

Figure 8.27 Suspended ceiling grid 
Source: Courtesy of Herb Fremin

Figure 8.28 plenum air return with perforated metal panel 
Source: Courtesy of Herb Fremin

square and rectangular tiles, rectangular panels and planks, lin-
ear grids, vertical baffles, open cells, corridor ceiling panels, 
and modular island ceilings and curved canopies.

The metal finish is usually baked enamel, available in a variety 
of colors. Metal panels are easy to keep clean, are highly reflec-
tive, and are not combustible. Metal pans will not reduce sound 
transmission unless they have a solid backing. With the acoustic 
backing removed, a perforated unit can be used for an air return.
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The size and spacing of the perforation—not just the per-
centage of openness—affect the performance. Depending on 
the perforation pattern and type and thickness of batt, the NRC 
of perforated metal pans ranges from 0.50 to 0.95.

LIneAr metAL ceILIngS
Linear metal ceilings consist of narrow anodized aluminum, 
painted steel, or stainless steel strips. Linear metal ceilings 
are usually used as part of a modular lighting and air han-
dling system. The panels can be cut for lighting fixtures. (See  
Figure 8.30) Slots between the strips may be open or closed. 
The spaces between the strips are designed to accommodate 
acoustic materials or allow airflow.

SLAtS And grILLeS
Wood or metal slats or grilles in the ceiling are often believed 
to have acoustic value, but primarily serve to protect the mate-
rial behind them, which is typically absorbent fiberglass. (See 
Figure 8.31) The absorption value is maintained if the grilles or 
slats are small and widely spaced. Increasing the size of the 
dividers or reducing the space between them will cause high 
frequencies to be reflected.

AcouStIcAL FIBer ceILIng PAneLS
Acoustical ceiling panels or boards of treated wood fibers bond-
ed with an inorganic cement binder are available from 12" by 
24" (305 by 610 mm) to 48" by 120" (1219 by 3048 mm). They 
are 1" to 3" (25 to 76 mm) thick, and receive NRC ratings from 
0.40 to 0.70.

Acoustical fiber ceiling panels have high structural strength 
and are abuse resistant. They have an excellent flame‐spread rat-
ing. Panels can be used across the full span of corridor ceilings, 

Sound insulation

Scrim
Perforated cover

Figure 8.29 perforated metal pan ceiling pan

Figure 8.30 Linear metal ceiling

Figure 8.31 Wood perforated acoustic panels over sound‐
absorbing backing

Figure 8.32 Acoustical ceiling panel edge support

or as a long‐span finish directly attached to the ceiling. (See Fig-
ure 8.32) They are appropriate for wall finishes in school gyms 
and corridors.

cLoud PAneLS And AcouStIc cAnoPIeS
Cloud panels perform the same acoustical functions as acous-
tic ceiling tiles without necessarily interfering with sprinklers 
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or lighting. They vary in size, shape, and composition, and can 
be suspended independently from the ceiling. (See Figure 8.33)

Acoustic canopies are filled with standard acoustic ceiling 
tile set in a grid. (See Figure 8.34) These can be configured 
into patterns and suspended over areas that need more sound 
absorption.

Suspended curved panels can be hung with either concave 
or convex curves toward the sound source. (See Figure 8.35) 
Another type of panel is custom‐designed stretched open‐
weave fabric suspended on frames and backed with an acoustic 
absorbing material.

wall Panels
Acoustic wall panels have wood or metal backings and mineral 
fiber or fiberglass substrates. Fabric coverings are usually fire- 
rated. They are used in offices, conference rooms, auditoriums, 
theaters, teleconferencing centers, and educational facilities. 
Perforated metal acoustic panels can also be used on walls as 
well as ceilings.

Fabric covered panels are available from 1″ to 2″ (25 to 51 
mm) thick. Panels are available from 18″ to 48″ (457 to 1219 
mm) wide, and up to 120″ (3048 mm) long. NRC ratings vary 
from 0.5 for direct‐mounted 1" (25 mm) mineral fiber panels to 
0.85 for strip‐mounted 1½″ (38 mm) fiberglass panels.

Manufacturers of acoustic materials market entire systems 
for finishing and acoustically conditioning the walls of basement 
spaces. (See Figure 8.36) It is essential to make sure the base-
ment is secure and dry before installing these systems.

Flooring
Floor/ceiling assemblies with relatively low STC ratings may 
have high IIC ratings, especially if the floor is carpeted. (See 
Table 8.8) This means that sound may be transmitted through 
the assembly from an airborne source, yet direct impact on the 
floor will be muted.

cArPet
Living units above other occupied living units should usually be 
carpeted to reduce footfall noise. Carpet with padding provides  

Figure 8.33 Acoustic cloud installation

Figure 8.34 Oval acoustic canopies

Figure 8.35 curved acoustic canopies Figure 8.36 basement acoustic finish
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TAbLe 8.8 FLOOR FInISH IIc RATIngS
Type Add resilient material (mm) IIc rating

Tile 1/16" (1.6) vinyl 0

1/8" (3) linoleum or rubber tile 3–5

¼" (6) cork 8–12

Carpet Low pile, fiber pad 10–14

Low pile, foam rubber pad 15–21

High pile, foam rubber pad 21–27

excellent impact isolation. Condominium covenants often 
require carpets in hallways and foyers and over half of the 
other living areas to remove most of the objectionable footfall 
noise.

Carpet is the only floor finish that absorbs sound. Carpets 
produce a high degree of absorption in the middle to high fre-
quency range. The absorption is proportional to the pile height 
and density, and increases when installed on a thick pad. Car-
pet earns an NRC of between 0.20 and 0.55, mainly for high 
frequencies.

Low‐pile carpet on a fiber pad has IIC ratings between 10 
and 14. With a foam rubber pad the rating increases to 15 to 21. 
High-pile carpet with a foam rubber pad earns ratings between 
21 and 27.

reSILIent FLoorIng
Resilient tile is almost as sound reflective as concrete. Resil-
ient tile has little effect on the sound attenuation of the floor 
construction, but can help reduce the sound generated by high‐
frequency impacts, especially if it is foam backed.

FLoAtIng FLoorS
As indicated earlier, floating floors separate the floor surface 
receiving the impact from the structural floor. (See Figure 8.37) 
Their effectiveness for impact noise depends on the mass of 
the floating floor, the composition of the resilient support, and 
the degree of isolation of the floating floor.

Floating floors are used in condominiums, apartments, 
and commercial buildings for the control of impact noise pro-
duced by footfalls or other impacts. In recording studios, sound 
rooms, television or movie studios, floating floors reduce the 
transmission of external noise into the studio.

See Chapter 5, “Floors/Ceiling Assemblies, Walls, and Stairs,” 
for more information on floating floors.

window treatments and upholstery
Vertical surfaces can be treated with sound absorptive materi-
als. Window glazing is highly acoustically reflective, and window 
treatments can help absorb and diffuse sound.

wIndow treAtmentS
Most draperies are essentially acoustically transparent. How-
ever, heavy, dense, fuzzy fabrics, especially when draped with 
deep folds, can provide appreciable absorption in middle and 
upper frequencies. Absorption is increased with an air space 
between heavily folded drapery and the wall. However, draper-
ies produce little reduction in the passage of noise from room 
to room through the wall itself. (See Table 8.9)

uPHoLStery
Fabric that is not airtight and is stretched over an absorbent 
material creates an excellent finish that fully preserves the ab-
sorption of the underlying material. Deep, porous upholstery 
absorbs most sounds from mid‐range frequencies and upward.

Other finish materials with acoustic properties include acous-
tical plaster, thin boards and panels, sound blocks, baffles, and 
hanging panels. (See Table 8.10)

AcouStIc APPLIcAtIonS
Good acoustic design is desirable in all occupied spaces. It is 
critical for certain types of spaces, including assembly halls, 
auditoriums, lecture halls, conference rooms, and music rooms.

Figure 8.37 Floating floor

Concrete structural floor
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TAbLe 8.9 WIndOW TReATmenT nRc RATIngS
Surface or Treatment nRc

Bare glass Around 0.02

Plaster Around 0.03

Venetian blinds 0.10

Drapery fabrics, 100% fullness Between 0.10 and 0.65

Light curtain Around 0.20

Heavy flow‐resistant drapery 
covering up to half of area

Greater than 0.70
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Acoustic criteria
The ratio between sound absorbed and sound reflected affects 
what is heard within a space. Where little sound is absorbed and 
much is reflected, intermittent sounds are mixed together. This 
makes speech less intelligible, but music more pleasant. Steady 
sounds that accumulate into a reverberant field create a noisy 
space. Where much sound is absorbed and little reflected, a 
space is quiet for speech but dead for music.

dIrect Sound PAtHS
Speech intelligibility depends on relatively weak consonants 
rather than stronger vowel sounds. In lecture halls, it is impor-
tant to maintain sound energy by maintaining a direct path. Rais-
ing the speaker above the level of the audience helps, as does 
inclining seating.

Seating in conference rooms and board rooms should be 
arranged so that all occupants can see one another, allow-
ing direct sound paths between from speakers to listeners. A 

circular or oval table facilitates this better than a long narrow 
one.

reFLected Sound
Reflected sound can supplement direct sound. Reflecting sur-
faces should generally be flat; curved surfaces tend to concen-
trate sounds in some places and leave others unreinforced.

reverBerAtIon tIme
Reverberation is important in lecture halls, theaters, worship 
spaces, and concert halls where it sustains and blends sounds. 
Speech has a relatively short reverberation time, but some re-
verberation enriches the voice’s sound and gives the speakers 
a sense of how their voice is carrying to the audience. From me-
dieval times to the present, liturgical music has often depended 
on large, echoing interiors for its aesthetic effect.

Reverberation time can be altered by varying absorptive 
materials with those with different surface finishes to achieve 
a design that works with a greater variety of frequencies. 
Fiberglass and similar soft, absorbent materials are very ef-
ficient at high frequencies. For low frequencies, a thin panel 
that conceals an air space lined with absorbent material can 
perform well.

offices
Offices continue to become more open, with cubicles replaced 
by shared worksurfaces and open meeting areas. Exposed 
ceilings are replacing suspended acoustic tiles. Both of these 
trends create speech privacy concerns.

SPeecH PrIvAcy
Acoustic privacy in an office depends on speech intelligibility, 
which in turn depends largely on the sound level of background 
noises. Acoustic privacy requires reduction of noise at the 
source, along paths of transmission, and at the receiver, plus 
the use of masking noise where necessary. Providing masking 
noise in neighboring spaces helps to disguise the information 
carried by speech and makes it less intrusive.

The amount of speech privacy required within an open of-
fice varies. Acoustic consultants identify three levels of speech 
privacy: normal, confidential, and marginal. (See Table 8.11)

Sound in open offices can travel directly from the source to 
the listener. It may also be diffracted by objects in its path, or 
reflected off ceilings or walls. The interior arrangement of the 
space has a great impact on speech privacy. (See Figure 8.38)

Group spaces according to their speech privacy require-
ments. Confidential areas should be at the edges of open ar-
eas that serve as a buffer zone, with low overall sound levels 
including any background noise. Speech in perimeter offices 
with reflective surfaces may bounce out into areas occupied by 
other workers. High noise production areas should be grouped 
and placed on the perimeter at a maximum distance from con-
fidential areas.

TAbLe 8.10 OTHeR FInISH mATeRIALS AcOuSTIc 
pROpeRTIeS
material description

Acoustical plaster Plaster‐type base with embedded 
fibrous or light aggregate, applied 
up to 1½" (38 mm) thick. High fire 
rating. Susceptible to abuse and 
humidity. Noise absorption varies 
with composition, thickness, and 
application technique. Acoustic 
ratings generally lower than 
acoustic tiles.

Thin boards and panels Wood boards or panels attached 
to furring absorb low frequencies 
by resonance, can result in a bass 
deficiency in music rooms.

Sound blocks, baffles, 
hanging panels

Achieve absorption coefficients 
greater than 1.0 by exposing 
multiple absorptive surfaces 
to impinging sound. Prominent 
shapes obtrude into space.

2" (51 mm) fiberglass acoustic 
baffles for sound absorption 
in existing high ceiling spaces. 
Smooth stretched facing. 
Perforated metal baffles are also 
available.

Blocks of fibrous and porous 
material (space units) made of 
mineral fibers or fiberglass look 
like acoustic tile, typically 2" (51 
mm) thick. Applied to hard wall 
and ceiling surfaces; absorb 
sound efficiently.
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depends on the STC rating of the barrier between the rooms, 
the noise reduction factor, and the background noise level in 
the receiving room. The larger the size of the listener’s room as 
compared to the source room, the lower the speech level will be 
in the receiving room.

meASurIng oFFIce AcouStIcS
A variety of ratings are used to measure office acoustics. 
(See Table 8.12) They include absorption coefficients, articula-
tion index (AI), articulation class (AC), ceiling attenuation class 
(CAC), noise reduction coefficient (NRC), and speech privacy 
potential (SPP).

In open office environment design, the absorption charac-
teristics of the ceiling are the critical factors in speech privacy. 
Speech sounds strike the ceiling between 30 and 60 degrees, 
with most of the sound striking above 45 degrees.

For general sound at a variety of levels, absorption coef-
ficients (AC) are the best indicators. Although the CAC indicates 
how much sound passes through to the space above the ceiling, 
this is generally less important, since it can be readily dissi-
pated and absorbed within this space.

oFFIce SPAceS
The level of acoustic treatment within the room where the 
sound originates depends on the loudness of the speech, the 
effect of the room’s sound absorption on the speech level, and 
the degree of privacy required. The amount of privacy is also 
affected by the acoustic isolation of the receiving room. This 

TAbLe 8.11 SpeecH pRIVAcy LeVeLS
Level description

Confidential (good) Normal voice levels are audible 
but generally unintelligible. Raised 
voices may be partially intelligible. 
95% of people do not sense sound 
as intrusive and disturbing, and are 
able to concentrate on most types 
of work.

Normal (fair) Allows normal voice levels from an 
adjacent space to be heard, but not 
intelligible without straining to hear. 
Raised voices generally intelligible.

Marginal (poor) Around 40% of people find 
intolerable; decreases productivity. 
Normal speech in open offices 
readily understood. Shared 
workspaces.

Figure 8.38 Sound in open office

TAbLe 8.12 OFFIce AcOuSTIcS meASuRemenTS
measurement description

Absorption coefficients Used with materials to measure 
how well they absorb sound.

Articulation Index (AI) Relates speech intelligibility, 
speech intensity, and background 
sound level at 5 octave‐band 
frequencies. Weighted to 
emphasize intelligibility. Requires 
complex computer calculations to 
derive.

Articulation class (AC) Derived from open‐office cubicle 
measurements. Indicates 
absorption at angles of incidence 
between 45 and 55 degrees. 
Higher ratings indicate less 
sound bounces off the ceiling into 
adjacent cubicles. Ratings range 
from 170 to 210.

Ceiling Attenuation Class 
(CAC)

Measures how well a ceiling 
structure attenuates airborne 
sound between two closed 
rooms over the range of speech 
frequencies.

Noise Reduction 
Coefficient (NRC)

Measures the average percentage 
of noise that a material absorbs 
in the mid‐frequency range. 
Averages absorption at several 
frequencies. Does not take into 
account how materials absorb 
different frequencies.

Speech Privacy Potential 
(SPP)

US General Services 
Administration (GSA) rating 
summarizes background sound 
level and attenuation between 
source and listener.
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oPen PLAn oFFIce ceILIngS
Sound problems in open plan offices are exacerbated by sound 
reflecting off ceilings, typically at angles of 45 to 50 degrees. 
Ceiling materials should be designed to capture sound from al-
most any angle.

Avoid strongly reflective speech paths such as metal pan air 
diffusers or flat lighting fixture diffusers. Where these cannot be 
avoided, highly absorptive vertical baffle strips may be placed 
on their perimeter to block sound paths.

gLASS SurFAceS
Glass walls are becoming increasingly popular in offices. Win-
dows are often located in enclosed offices where confidential 
discussions routinely take place. Windows and walls that lack 
absorptive treatment will reflect sound out of the space at an 
angle. To preserve privacy in these offices, use full‐height par-
titions and fixed glass vision panels, with doors in openings. 
Heavy drapes can be used to control acoustic reflections. Lo-
cate confidential spaces in groups, and buffer them from open 
office spaces with unoccupied storage areas.

FLoorS In oPen oFFIceS
Floors in open offices do not affect the overall sound absorp-
tion very much. However, cushioned floors do greatly reduce 
the noise of chair movements and footfalls. For this reason, all 
floors in open office areas should ideally be carpeted.

mASkIng Sound
Background sound that is close to the frequency of speech re-
duces the intelligibility of speech. What we hear depends on the 
level of attention to what we are doing and to the intrusiveness 
of the outside sound. In a very quiet space with no background 
noise, any sound is distracting. With a constant ambient sound 
level in the listener’s room, sound transmitted from another 
room is masked, becoming inaudible or simply less annoying.

Where it is too costly or too difficult to treat a building for a 
persistent or distracting noise source, low level masking noise 
may help. Masking sounds are also useful in rooms that are so 
quiet that heartbeats, respiration, and body movement sounds 
are annoying as in a bedroom where small noises disturb 
would‐be sleepers.

Masking sound is imperative in open offices. Almost all open‐
plan office installations use carefully designed electronic mask-
ing systems to provide uniform background sound at the proper 
level and with good tonal characteristics. Equipment should be 
uniformly placed throughout the space, and set at as low a level 
as will provide the desired level of speech privacy. Higher sound 
levels make the masking sounds themselves a source of annoy-
ance. Non‐uniform distribution will be noticeable as one moves 
through the space, and is likely to be annoying.

The masking sound may be white noise, or sound like 
whooshing sound of air rushing through an opening. Low 
frequencies are usually emphasized to avoid high frequency 
hissing.

Noise carrying information can reduce productivity. Higher 
levels of noise are annoying for most people. Noise that does 
not carry information may help reduce annoyance even without 
completely masking sound.

generAL recommendAtIonS
For adequate acoustic absorption, open offices should have a 
minimum clear ceiling height of 9 feet (2.7 meters), made with 
highly absorptive materials, and without sound‐reflecting sur-
faces. Above the ceiling, a 3‐foot‐high plenum with a full layer 
of sound absorbent blankets further absorbs sound. A carpeted 
floor reduces noise from footfalls and further increases sound 
absorption.

Group office areas according to their speech privacy require-
ments. Be careful about reflections from walls and glass. Make 
open‐area spaces as large as possible to minimize reflection 
from perimeter walls. Enclose meeting and conference rooms.

encLoSed SPAceS
For enclosed spaces, the degree of speech privacy depends 
on the degree of sound insulation provided by barriers between 
rooms as well as on the ambient sound level in the receiving 
room. The critical element is the acoustic quality of the airtight 
barrier between the two spaces. The speech privacy of the 
source room depends on the loudness of speech, the effect of 
room absorption on speech, and whether normal or confidential 
privacy is required.

The isolation rating of the receiving room depends on 
the STC rating of the barrier, the absorption of the receiving 
room, and the recommended background noise level. (See 
Table 8.13)

TAbLe 8.13 RecOmmended STc FOR AdjAcenT 
pARTITIOnS
Wall Location Walls Adjacent to STc

Executive office, doctor’s 
suite, confidential privacy

Another office 38–40

General office area 45–48

Public corridor 42–45

Washroom, toilet 47–50

Normal office areas Other offices, public 
corridors

38–40

Washroom, kitchen, 
dining

40–42

Conference rooms Corridor, lobby 35–38

Kitchen, dining, data 
processing

38–40
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is excessively delayed by too many reflective surfaces. Sound 
reflected from convex surfaces is diffuse, producing a constant 
sound level throughout the space. Concave surfaces are gener-
ally avoided in performance halls because they focus sound in 
some areas and leave others with insufficient sound.

In order to assure that the sound source is loud enough, ma-
jor room surfaces can be reinforced naturally to direct reflected 
sound to the audience. Electronic reinforcement systems are 
used in large rooms or for weak sources.

Auditoriums
Auditoriums must accommodate many activities, including con-
certs, with varying acoustic requirements. Their acoustic quality 
depends on the design concept, the budget, and the availability 
of auditorium staffing to adjust moveable acoustic treatments. 
Solutions therefore must be either a compromise between the 
disparate needs, or be adjustable for varied circumstances. The 
acoustic design of an auditorium involves room acoustics, noise 
control, and sound system design.

Changing the volume of the space, moving reflective sur-
faces, or adding or subtracting sound absorbing treatments 
can alter the acoustic environment of an auditorium. The size 
of the audience, range of performance activities, and sophis-
tication of the intended audience influence the acoustic de-
sign. Once the basic floor area is determined by the size of 
the audience, the volume of the space is determined by the 
reverberation requirements.

The ceiling and side walls at the front of the auditorium dis-
tribute sound to the audience. They must be close enough to 
the performers to minimize time delays between direct and re-
flected sound. The ceiling and side walls also provide diffusion.

To allow adjustments to the acoustics for different events, 
large areas of tracked sound‐absorbing curtains can be in-
stalled along the room’s boundaries. For movies and lectures 
without music, permanent sound absorption on the ceiling, rear, 
and side walls results in a low reverberation time. Curtains can 
retract into storage pockets when maximum reverberation time 
is the goal.

A combination of sound-reflecting and sound-absorbing 
materials should be used. The bodies of the people in the audi-
ence constitute a variable sound absorbing material. Fully up-
holstered seating minimizes the difference between the times 
when the room is full of people and when it is almost empty, 
such as during a rehearsal. Upholstery covered with an open 
weave material is particularly effective.

Auditoriums must frequently accommodate a wide variety 
of performance events. Adjustable drapes and ceiling panels 
can help. (See Figure 8.40) Auditoriums and similar spaces 
need background noise for a lively sound. Absorbent materials 
should be limited to controlling reverberation time and sound 
distribution. The surrounding construction must be capable of 
excluding excessive background noise.

Reflector panels are used on the ceilings of auditoriums, 
performing arts centers, lecture halls, and churches. They are 

Sound masking units are typically hung above the ceiling 
where they are out of sight. (See Figure 8.39) The masking 
sound fills the plenum area and then gently filters down through 
the ceiling tiles into the office space below. The speakers can 
be adjusted to the individual acoustical comfort requirement in 
any given area.

Masking system loudspeakers preferably should not be vis-
ible, as they attract interest and eventually become annoying. 
They can be placed face‐up in a plenum to increase dispersion 
and improve uniformity, but should not be mounted face down 
in the ceiling. Most ceiling tiles will allow masking sound to pen-
etrate to the office area below.

music Performance Spaces
The design of spaces for music performance is both an art and 
a science. For concert halls and other important music spaces, 
the services of an acoustical consultant are essential. Although 
the architectural character of a performance space may be 
worked out well before the interior designer becomes involved 
in the project, the finishes and details of the hall’s interior are 
critical to its acoustic success.

The design of a space such as a concert hall for good lis-
tening conditions starts with developing a room shape that dis-
tributes and reinforces sound evenly throughout the audience. 
Large-volume spaces require direct‐path sound reinforcement 
by reflection. A relatively long reverberation time is needed for 
music, so the amount of sound reflection and the liveliness of 
the space matter a great deal. Brilliance of musical tone is pri-
marily a function of high‐frequency content, and spaces that are 
too absorbent will dull musical sounds. A good sound path for 
musical tone is equivalent to a good visual path, which means 
that a seat where you have a good view of the performers is 
likely to also be a good seat acoustically.

Both irregular and convex (outward curving) surfaces are 
often used in music performance halls. Diffusion is desirable 
for music performances as it spreads the sound evenly over 
a wide seating area. Directivity declines if a reinforced signal 

Figure 8.39 Sound masking equipment
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noise does not add to the clamor of hundreds of students. The 
ceiling and walls should have sound‐absorbing materials. The 
ceiling tile should have a minimum NRC of 0.8.

Nothing will quiet the excessive noise in a gymnasium, 
where noise is expected. The ceiling should be sound absorb-
ing, with an NRC of 0.7. If there is a sound amplification system, 
the walls should also have sound absorption to prevent echoes.

Public toilet rooms
Buildings often have toilet rooms designed to serve occupants 
and visitors. You should not be able to hear the noises from toi-
let rooms in adjacent spaces. Good acoustic design helps keep 
them inconspicuous and pleasant to use.

When designing toilet rooms within service cores, surround 
them with corridors and mechanical spaces. Avoid seating peo-
ple adjacent to a wall with plumbing, where they will hear the 
rush of water through the pipes.

Within the toilet room, a lack of acoustic privacy results in 
repeated flushing, which is wasteful and noisy. Use a steady 
masking sound to obscure sounds. A higher‐sound‐level ventilat-
ing system, for example a noisy fan, solves the problem and is 
less expensive, although its sound can carry through ductwork 
to other spaces. Music can disguise sounds very well.

residential Buildings
Understanding how to control noise in a residential building is a 
critical part of the work of an interior designer. Excessive noise 
is a major complaint in multifamily housing. Good acoustics are 
equally important for keeping the peace (and quiet) in single‐
family residences.

designed for large spaces that require improved sound rein-
forcement and timing of sound reflections to improve listening 
quality. The sound reflective and diffusive surface of the flat 
panel is bowed and positioned in the field to the architect’s or 
acoustical consultant’s specifications.

Lecture rooms
In a space used primarily for lectures, it is important to have 
good sound reflection in the teacher’s space at the front of the 
room. Lecture room boundaries, especially the ceiling, should 
be shaped for good natural reinforcement of the speaking 
voice. Applied sound absorbent treatments control reverbera-
tion, echo, and flutter.

The rear wall, the perimeter of the ceiling, and the side wall 
areas between seating and standing height are the most impor-
tant to treat. Acoustic tile ceilings with hard walls are not an 
adequate solution for a lecture room.

Schools
Schools have a variety of spaces with a variety of acoustical 
environments. Noisy corridors with reverberant finishes can 
project annoying sound intrusions into classrooms.

Design walls for adequate privacy between classroom spac-
es, and be especially aware of sound leaking through doors 
between classrooms. Partitions should be full height from floor 
to ceiling slab or roof construction. Use sound absorbing mate-
rials to reduce noise levels. The ceiling tile should have an NRC 
rating of at least 0.7.

School dining areas are especially noisy. Keep the kitchen 
and serving areas separate from the eating area so that kitchen 

Figure 8.40 Auditorium adjustable sound treatments
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Well‐insulated gypsum wallboard walls increase sound 
control. Use resilient nonhardening caulk around receptacles, 
plumbing, light fixtures, and other openings, and where wall 
joins floor and ceiling.

The sound of water in pipes can travel from the bathroom 
throughout the house and end up next to the dining table. 
When planning the layout of the house, locate fixtures so that 
piping is inside less acoustically critical walls. Wrap and re-
siliently mount pipes.

Equipment noise can be a problem. Excessively noisy bath-
room fans tend to be used less often, limiting necessary ventila-
tion. Water movement and motors in jetted tubs generate noise. 
The sudden rush of water from pressure‐assisted toilet flushing 
systems may be too loud for some users.

Laundry areas tend to be noisy, and may be run at night. 
Avoid placing them where they will disturb sleeping areas.

Residential kitchens are often finished with reflective sur-
faces and can be noisy areas. Make sure all appliances are level 
to reduce vibrations. Placing a closet as a buffer space between 
kitchen and bedroom reduces noise transmission. Backing a 
noisy dishwasher up to a toilet can also help. Noisy kitchen ven-
tilation fans are less likely to be used, which can lead to indoor 
air quality problems.

It is a good idea to let a client listen to the noise produced by a 
ventilation fan, jetted tub, or washing machine before selecting 
one.

The acoustic design of apartment buildings and other build-
ings with multiple residents strives to protect privacy and re-
duce annoyance. Group quiet spaces together and away from 
noisy activities. Plan the locations of convenience outlets, medi-
cine cabinets, mechanical services, and direct‐exhaust duct 
connections between apartments carefully to avoid flanking 
paths. Use rugs or carpets with pads to limit footfall noise. Bed-
room ceilings should have ceiling-mounted absorptive materials 
with an NRC rating of at least 0.6. Both STC and IIC ratings are 
available for residential spaces. (See Table 8.14)

reSIdentIAL AcouStIc conSIderAtIonS
Residential bathrooms are inherently reverberant spaces (which 
is why we sound so good when we sing in the shower) that de-
mand acoustic privacy. The sounds of flushing toilets, spraying 
showers, running water, and whirring fans can be difficult to 
isolate inside a bathroom. In addition, we prefer to keep our 
bathroom activities acoustically private and separate from ad-
jacent spaces.

Acoustic privacy can be enhanced by separating the bath-
room from bedrooms with intervening closets and hallways. 
Eliminate cracks around bathroom doors and add resilient bum-
pers to absorb banging noises. Do not use undercut or louvered 
doors (which are often provided to improve ventilation). Avoid 
back‐to‐back electrical outlets between the bathroom and bed-
room. Air grilles should not open into ducts and then out into 
a bedroom. Do not locate another open window near the bath-
room window.

TAbLe 8.14 ReSIdenTIAL TRAnSmISSIOn And ImpAcT RATIngS
Rooms ceiling below STc IIc Floor Above STc IIc

Bedroom Bedroom 52 52 Bedroom 52 52

Living room 54 52 Living room 54 52

Kitchen 55 50 Kitchen 55 50

Family room 52 58 Family room 56 48

Living room Bedroom 54 57 Bedroom 54 52

Living room 52 52 Living room 52 52

Kitchen 52 52 Kitchen 52 57

Family room 54 50 Family room 54 50

Kitchen Bedroom 55 62 Bedroom 55 50

Living room 52 57 Living room 52 52

Kitchen 50 52 Kitchen 50 52

Family room 52 58 Family room 52 58

Family room Bedroom 56 62 Bedroom 56 48

Living room 54 50 Living room 54 60

Kitchen 52 58 Kitchen 52 52

Bathroom Bathroom 50 50 Bathroom 50 50

Corridor Corridor 48 48 Corridor 48 48
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presentation spaces may have hardwired podiums for speakers 
to control equipment.

LoudSPeAker SyStemS
Loudspeakers convert the electrical signal supplied from the 
power amplifier into air vibrations that the ear perceives as 
sound. The design of the sound system should be coordinated 
early in the design process.

Today’s loudspeakers are much smaller than in the past, 
making it much easier to integrate them into the building. The 
interior designer should be aware of the size and placement of 
loudspeakers. Controls should be located where they are acces-
sible but unobtrusive. Signal processing and amplification equip-
ment is often in a rack in a remote location; it needs adequate 
space and ventilation, and electrical supply of adequate capacity.

distortion happens when a system changes the shape of the 
acoustical signal that it receives; some stages of the amplification 
are overloaded and some frequencies are incorrectly amplified. If 
the equipment that was purchased and installed was inadequate 
for the designated use, you will also get distortion from the un-
dersized equipment. If a system was designed for a single person 
giving a speech and is used for a rock band, the undersized equip-
ment will probably distort the excessive signal. Loudspeakers must 
be far enough from microphones to avoid feedback.

Sound coloration occurs when a reproduced sound loses 
its naturalness and acquires and unpleasant, ringing quality. 
When the system is turned up too loud, it produces acoustic 
feedback or howling. Both of these problems can be correct-
ed, but may require changes or adjustments in the equipment 
or system design.

Strong speakers will be heard clearly in smaller rooms for 
about 100 people, but people with weaker voices will require 
sound reinforcement. The voice level should be a minimum of 
25 db above the background noise.

The design and placement of the loudspeaker system must 
be coordinated with the architectural design. Loudspeakers can 
be physically integrated in walls, columns, or ceilings; mounted 
on surfaces; or supported by speaker stands. The speaker 
placement of conventional distributed loudspeaker systems has 
to be coordinated with the locations of lights, sprinklers, and 
air‐handling system diffusers.

Depending on the application, loudspeakers are arrayed ei-
ther in a centralized system or a distributed pattern. Centralized 
systems are used in large spaces with high ceilings to project 
sound with strong directionality from a focal point such as a 
stage or pulpit. Distributed loudspeaker patterns are used in 
spaces with lower ceilings where the sound is distributed evenly 
and without a strong sense of source through many smaller 
speakers as in offices or restaurants.

Sound Systems for Specific Spaces
A familiarity with the equipment required for specific types of 
spaces will help you anticipate conflicts with the details of the 
interior design and head off last minute problems.

eLectronIc Sound SyStemS
Although sound reinforcement design may not properly be a 
part of an interior designer’s work, ignoring sound system de-
tails creates difficulties that definitely affect the appearance of 
the project and the smoothness of the construction process. 
There is a tendency to think of the sound reinforcement system 
for a smaller project as an add‐on, and leave it to the end of the 
design and construction process. Doing so risks last minute cri-
ses when sound wiring, speaker locations, and space and wiring 
for control equipment has to be retrofit into locations for which 
it was not planned. Running wires within walls is much easier 
before the walls are closed in and finished. Wireless sound sys-
tems offer a newer solution.

The goal of sound reinforcement is to adjust acoustic prob-
lems and to assure that everyone in the listening space can hear 
well. The ideal sound reinforcement system would give every 
listener the same loudness, quality, directivity, and intelligibility. 
Speech should be as clear as if the speaker was 2 or 3 feet (610 
to 914 mm) away, with a longer distance acceptable for music. 
Sound reinforcement systems should be designed to provide 
adequate sound levels without distortion. Loudspeakers cannot 
completely correct poor acoustics, but they can improve them.

Specialists in sound system design are sometimes certified 
members of the National Council of Acoustical Consultants. Oth-
ers may operate independently, and it is always wise to check 
into their experience and previous work.

Sound reinforcement Systems
Sound systems are installed in most spaces where meetings 
and presentations occur. Electronic sound reinforcement is gen-
erally needed when around 100 people gather, although this 
depends on the space and the speaker.

comPonentS
A sound reinforcement system consists of three parts: the in-
put, the amplifier and controls, and the loudspeakers. The input 
can be a microphone or any of a variety of playback devices. 
Microphones convert sound waves into electrical signals, which 
are further amplified, transmitted, and processed as required 
in the sound system. They may be hand held or on stands, or 
miniature lavaliere types. Small wireless transmitters are avail-
able for any type of microphone.

Signal processing equipment includes equalizers, limiters, 
electronic delays, feedback suppressors, and distribution ampli-
fiers. The amplifier has controls for volume, tone mixing, input‐
output selection, and equalization controls for signal shaping. 
Power amplifiers provide a signal output with sufficient power 
(voltage and electrical current output) to feed the loudspeakers 
connected to the system. Amplifiers have controls for volume, 
tone mixing, and input‐output selection.

Wiring for the sound system should be run discretely, prefer-
ably within walls. Even wireless controls often have wires run-
ning in walls between the amplifiers and loudspeakers. Dedicated 
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In medium to large auditoriums, sound systems should have 
a sense of directional realism. Where the audience or delegates 
participate from the floor, microphone arrangements vary from 
simple to very complex. Assembly halls for multinational confer-
ences have a system for simultaneous translation.

concert HALLS And tHeAterS
The interior designer needs to be aware of the type of music 
that is being performed in a concert hall. Some musicians travel 
with their own sound systems, while others use the system in-
stalled in the space.

High-quality, full-range sound reinforcement systems are 
used in concert halls with multiple functions. A central loud-
speaker system with high directivity can be suspended in free 
space or integrated into the architecture. Sound reflectors or 
canopies may be located above the orchestral platform. Con-
cert halls may also have backstage performance monitoring, 
intercom, and paging systems.

Theaters may reinforce vocals over orchestral sounds. How-
ever, some music fans prefer the sound without amplification, 
in which case the architectural acoustics of the space become 
very important.

exHIBItIon HALLS
Exhibition halls use sound reinforcement for announcements 
and for background music. If the hall includes a platform for 
stage presentations, it will typically include a central loudspeak-
er system located above the front of the platform to provide 
sound reinforcement with directional realism.

HoteLS
Designing for sound reinforcement systems in hotel ballrooms 
and banquet rooms requires knowing what the room will be 
used for and designing to user needs. Unobtrusive but acces-
sible controls and proper speaker placement are priorities.

During renovation projects, it is wise to see whether existing 
equipment mounted on the walls is actually in use. For example, 
in one hotel, microphone antennas that had not been used for 
12 years would have been given special treatment when the 
wallpaper was installed if an alert technician had not noticed 
and alerted the designer.

As the interior designer, your awareness of acoustic con-
cerns that affect the health, safety, and enjoyment of the public 
is an important part of your role as a member of the building 
design team. Your knowledge of all the systems that make a 
building work will enhance the quality of your design work, the 
value of the building to those who use it, and your own enjoy-
ment of your work as an interior designer.

We have now completed our survey of acoustic design. Part 
IV, “Water and Waste Systems,” addresses the elements of wa-
ter supply and distribution, waste and recycling, and fixtures 
and appliances.

Home LIStenIng roomS
The interior designer working with a sound installation company 
on the design of a home listening room should be aware of sev-
eral issues. (See Figure 8.41) The goal is to suppress the sound 
of the room itself, but not to totally deaden it; this requires large 
areas of sound‐absorbing and sound‐diffusing treatments on all 
surfaces. The space will likely experience significant coloration 
and poor spatial imaging of reproduced sound if it is not ex-
tensively and uniformly treated with broadband sound absorb-
ing materials. Paired surfaces should be treated the same. The 
treatment must be totally symmetrical on the left and right sides 
of the main listening axis, so that sound transmission paths for 
left and right playback channels are identical. Surround sound 
channels have special placement considerations.

oFFIce SPAceS
Emerging standards of office design and the huge influx of 
personal digital devices are significantly changing the need for 
office sound reinforcement. As indicated above, open offices 
usually have masking sound systems for speech privacy.

High‐rise office towers may include a sound system de-
signed for life‐safety announcements and transmission of warn-
ing signals. Emergency sound systems are normally separate 
from other systems and use fire‐rated equipment, wiring, and 
installation materials.

AudItorIumS And Lecture HALLS
In auditoriums and lecture halls, the controls for sound, pro-
jection, and lighting are frequently located within the listening 
room. Some spaces have a provision for remote controls for 
projection, volume control of the sound, and dimming of lights 
at the lecturer’s position. It is important for the interior designer 
to ask whether the facility has its own in‐house audiovisual tech-
nician (in which case controls are in the back of the room), or 
whether controls should be in the front for use by the presenter.

Screen
Devices and media storage

Speakers

Media storage

ScreenS

Figure 8.41 Home theater plan
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Part

IV
Water and Waste systems

We turn on the tap and out comes fresh, cool, clean water. This is the water we 
drink, cook, bathe, clean our clothes, wash our cars with, and flush down the toilet. 
It is easy to think of water as a free, readily available resource. However, fresh water 
is a limited resource.

Global climate change is producing severe storms and drought. Seawater is 
becoming more acidic as it absorbs greater amounts of carbon dioxide from the 
atmosphere, creating problems for sea life. Water withdrawals in coastal areas are 
allowing saltwater intrusions into aquifers. Water supply crises can result in coun-
tries downstream from supplies threatening those upstream over water rights.

With a finite planetary water supply, pitted against an increasing population, 
seen in conjunction with an increasing per capita consumption of water, 
we see again (as with fossil fuels) the problem of limited resources 
versus growing demand. At least in this case, the amount of water is 
fixed, not diminishing. However, the problem of fair allocation remains… 
Countries have fought wars over oil; must they also wage war over water?  
(Walter T. Grondzik and Alison G. Kwok, Mechanical and Electrical 
Equipment for Buildings, Twelfth Edition, Wiley, 2015, page 793)

Building systems control the supply and distribution of rainwater and groundwater 
(water held underground in soil or openings in rocks) relatively lightly. Potable water 
suitable for drinking and wastewater are tightly controlled.

The three chapters in Part IV look at the components of the typical sanitary 
plumbing system:

Chapter 9 describes the distribution system of piping supplying water to fixtures. 
Gas supply and distribution in buildings is also briefly included.

Chapter 10 deals with the separate waste piping system, and with other waste 
and recycling systems.
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Chapter 11 examines the fixtures and appliances that consume or use water.

Interior designers and those in the related field of bath and kitchen design are 
directly involved in the layout and selection of plumbing fixtures and appliances. 
This necessitates an understanding of water distribution and waste piping systems. 
Designing for recycling is another important aspect of their work.
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9
Water Supply Systems 

A building’s plumbing systems are designed to provide clean 
water and to remove wastes. Plumbing vents introduce clean 
air. Plumbing systems also aid in suppressing fire, controlling 
humidity, creating acoustic privacy, and keeping unwanted wa-
ter out of the building.

Plumbing systems provide water and drainage for sanita-
tion and potable water needs and dispose of precipitation 
falling on the building through a stormwater system. At the 
building boundary, typical utility connections for water sup-
ply, wastewater, and stormwater systems include a potable 
water supply line with a meter, a sanitary drain line, and a 
stormwater drain.

IntroductIon
Water is a recyclable resource, but not a renewable one. The 
amount of water on earth is a fixed resource. However, fresh 
water supplies are limited. Increasing human population and in-
creasing per capita consumption of water in some parts of the 
world threatens limited resources.

Plumbing systems are primarily designed by mechanical or 
plumbing consultants. Architects are usually involved in specify-
ing fixtures, and locating stormwater drains and other exterior 
elements. Interior designers and kitchen and bath designers 
also select and locate plumbing fixtures.

While as architects and designers we might not be 
able to resolve the global water problems, we must 
make some contribution to their resolution through 
our own activity, both personally and professionally. 
Specifically, we can reduce the amount of water 
used in the buildings we design, adjust the way we 
access water, and change the way that the water we 

do use impacts on the environment. (David Lee Smith, 
Environmental Issues for Architecture, Wiley 2011, 
pages 401–402)

Environmental efforts are leading to reductions in water 
consumption, but water resources are threatened in many parts 
of the world. Water is not always available where and when it 
is needed. Some parts of the United States—and many parts 
of the world—are currently experiencing water shortages. 
Depletion of water from underground aquifers (groundwater 
supplies) is accelerating. Both hydrological (dealing with the 
properties, distribution, and circulation of water) and political 
causes are responsible for depletion of sources.

History

Water wells dug around 6500 bce have been found in the Jezreel 
Valley in Israel. Before 1000 bce, the Minoan civilization on Crete 
was using underground terracotta pipes to supply the palace 
at Knossos.

The Roman Empire had indoor plumbing supplied by cov-
ered stone aqueducts and distributed to public fountains, public 
baths, and private homes. Roman villas included an atrium with 
a sunken area to catch and store rainwater.

Until the middle of the nineteenth century, London’s drinking 
water came from the Thames River, which was used as an open 
sewer, or from sewage‐polluted wells. Water from any source 
was scarce for poor people, personal hygiene was almost non-
existent, and epidemics were common.

By the nineteenth century, many large cities built their own 
aqueducts. In Boston, Massachusetts, in 1829, architect Isaiah 
Rogers designed the first hotel with indoor plumbing.
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codes and testing
Plumbing codes protect the health and safety of building oc-
cupants from contamination of the water supply, contamina-
tion of the air and objectionable odor due to the escape of 
sewer gas, and chronically blocked drains due to improper 
size or pitch. Testing and treatment ensure that the water we 
consume is safe.

codeS and StandardS
The International Plumbing Code® (IPC) is issued by the 
International Code Council. It establishes minimum regula-
tions for plumbing fixtures. Its provisions are intended to 
protect public health, safety, and welfare without unneces-
sarily increasing construction costs or restricting the use of 
new materials, products, or methods of construction. Chap-
ter 6 of the 2015 edition of the IPC covers water supply and 
distribution.

Local building codes cover almost every aspect of plumb-
ing design and materials. Local health departments and special 
consultants can assure proper quantity and quality of supply 
water through water‐quality analysis. This process assesses 
mineral content, turbidity (cloudiness), total amount of solids, 
biological purity, and suitability for intended use.

There are two types of water quality standards established 
by the United States (US) Environmental Protection Agency 
(EPA). Primary Drinking Water Standards are enforceable 
by law. They ensure that water is safe to drink or ingest. State 
and local health departments or environmental agencies and 
municipal or public water authorities work together to meet 
primary standards. Primary standards are based on Maximum 
Contaminant Levels (MCLs) for three classes of pollutants: 
disease‐carrying organisms, toxic chemicals, and radioactive 
contaminants.

Secondary Drinking Water Standards are voluntary, 
and ensure that water is functional and aesthetically acceptable 
for bathing and washing. Secondary standards are based on 
Secondary Maximum Contamination Levels (SMCLs). 
They address appearance, taste, odor, residues, and staining, 
and cover levels of chloride, iron, manganese, and sulfur as 
well as altered pH.

Secondary Drinking Water Standards are important to residen-
tial bathroom water use.

teStIng and treatment
Most experts recommend annual testing for private water 
sources such as wells. Annual evaluations should include 
total coliform bacteria, nitrates, pH, and total dissolved 
solids. Indications of problems include fixture staining or hard 
water deposits in the kitchen or bathroom. Additional testing 
may be needed if there are problems with color, cloudiness, 
discoloration, taste, or odor. Information on testing is avail-
able from state or local health departments.

It is advisable to ask clients if they use filters for drinking water, 
and to evaluate a glass of water for appearance or odor problems.

Most types of water treatment equipment must be main-
tained regularly to remain safe and effective. Water treatment 
may include filters, water softeners, iron removal equipment, 
neutraliziers, distillation units, reverse osmosis units, and disin-
fection methods. Multiple problems may require a combination 
of different types of equipment.

Plumbing and construction drawings
The design of the plumbing system is communicated on en-
gineering plumbing and architectural construction drawings 
that show all fixtures and piping on floor plans. In addition, 
isometric schematic drawings of water supply and drainage 
show vertical pipes. Interior designers show plumbing fix-
tures on floor plans.

Water SourceS and uSe
In most developed areas of the world, the primary water source 
is either a lake or a river, which usually requires treatment be-
fore being supplied to buildings. A small number of public water 
systems in the United States use groundwater from deep wells. 
Locations that are far from public water services rely on private 
water supplies. These may be wells or springs that supply water 
directly from the ground, which is usually purer than that from 
possibly polluted streams or ponds.

Freshwater resources make up only 3 percent of total world 
water resources, with ocean saltwater accounting for the remain-
ing 97 percent. About 30 percent of the freshwater is groundwater, 
with nearly 69 percent in icecaps and glaciers. The remaining 0.3 
percent is surface water in lakes, swamps, and rivers.

The world’s population is expected to continue to grow dra-
matically, while water resources are fixed. A growing population 
is related to diminished natural resources and water pollution; 
the amount of water available per person in the future is likely 
to continue to decrease.

Water use
Water is used for building construction, cooling, and cleansing, 
transportation of wastes, and fire suppression. Water can be an 
interior or exterior focal point with associations to nourishment, 
cleansing, and cooling.

In arid regions, water can be used sparingly in tightly con-
trolled channels and small trickling streams. Where water is 
plentiful, it may be used for landscaping and fountains.

We associate water with cooling. Sunlight playing on the 
surface of water and the sound of running water both help us 
feel cooler. Water also has strong cultural and religious signifi-
cance in Christian, Hindu, Islamic, and Jewish traditions.



Water Supply Systems     |    147

According to the US Department of Energy (DOE), in 
2005, the building sector was estimated to consume 39.6 billion 
gallons per day (bgd) of water, nearly 10 percent of the total US 
water use. Residential water use was the third largest category 
after thermoelectric power generation and irrigation. Commercial 
buildings used another 10.2 bgd. Population increases are some-
what balanced by efficiency efforts.

In 2005, 86 percent of the US population obtained drinking wa-
ter from public supplies. (See Figure 9.1) The remaining 14 percent 
were supplied from private sources. The vast majority of water 
used in the United States is for the generation of electric power 
and for irrigation. All remaining uses make up only 18 percent of 
the total. Water used in homes is less than 1 percent of the total.

BuIldIng materIalS
A great deal of water is used to create materials for building 
construction. (See Table 9.1) Plastic uses the most water per 
ton of material produced; steel also uses substantial amounts. 
Concrete is 16 percent water, but much more is used for 
processing and cleaning, and this water becomes acidic and 
difficult to reuse, although some can be recycled. Very large 
amounts of water are also used to produce bricks and steel.

reSIdentIal uSe
Although electrical production, irrigation, and industry all use 
substantial amounts of fresh water, residential water use remains 
a major factor, and one that we, as interior designers, can help 
to control while maintaining a good quality interior environment. 
(See Figure 9.2)

About 74 percent of the water used in the home is used in 
the bathroom, about 21 percent for laundry and cleaning, and 
about 5 percent in the kitchen. In our homes, toilets and clothes 
washing make up almost half of all the water used. Showers and 
faucets are the next greatest users, with leaks responsible for 
13.7 percent of water use. Dishwashers and baths make up the 
remainder, less than 10 percent of the total.

The use of fresh water supplies by toilets should be the pri-
mary focus for water conservation in the home. (See Table 9.2) 
Another area of concern is the nearly 14 percent of water lost to 
leaks.

The high heat‐storage capacity of water allows it to retain 
comfortable temperatures for bathing. Bathing facilities are 
usually designed for use in privacy, on a personal scale. Social 
bathing occurs in swimming pools, bathhouses, and hot tubs. 
Water is supplied for bathing by spouts, jets, and cascades to 
create the desired atmosphere.

Figure 9.1 US freshwater withdrawals, 2005 
Source: EPA US Freshwater Withdrawals (2005) with data from US 
Geological Service Circular 134: Estimated Use of Water in the United 
States in 2005, available at http://pubs.usgs.gov/circ/1344/
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TabLE 9.1 WaTEr USE In COnSTrUCTIOn
Material Water Used for One Ton (907 kg)

Bricks 580 gal (2200 L)

Steel 43,600 gal (165,000 L)

Plastic 348,750 gal (1.32 million L)

Concrete 124 gal (470 L)

Figure 9.2 residential water uses 
Source: EPA “How Much Water Do We Use?, data source American 
Water Works Association Research Foundation, “Residential End Uses 
of Water,” 1999
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TabLE 9.2 rESIDEnTIaL PEr CaPITa WaTEr USE
Use Gallons Per Day Percent

Drinking and cooking  3.0  4.1

Dishwashers  3.5  4.8

Faucets  7.9 10.8

Toilets 21.0 28.7

Showers 20.0 27.3

Baths  1.2  1.6

Clothes washers 15.0 20.5

Other domestic uses  1.6  2.2

http://pubs.usgs.gov/circ/1344/
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commercIal and InStItutIonal uSe
Almost all the water that small offices and institutional buildings 
use is for irrigation and toilets. Large buildings use about one‐
third of their water for air conditioning equipment.

Water stores heat readily, removes a large quantity of heat 
when it evaporates, and vaporizes at temperatures found on 
the human skin surface. In hot, dry climates, water surfaces or 
sprays and evaporative coolers are used. Water‐filled cooling 
towers are used for large building cooling systems.

Water is central to most fire-suppression systems. Large 
diameter pipes deliver large quantities of water quickly, with 
large valves regulating the flow.

See Chapter 14, “Heating and Cooling,” for more information 
on equipment, and Chapter 18,” Fire Safety Design,” for fire 
suppression.

Hydrologic cycle
The process by which water constantly circulates by the sun’s 
power is called the hydrologic cycle. (See Figure 9.3) The 
sun’s heat powers the hydrologic cycle by evaporating water 
into the air and purifying it by distillation. The water vapor con-
denses as it rises and then precipitates as rain and snow, which 
clean the air as they fall to earth. Heavier particles fall out of the 
air by gravity, and the wind (driven by the sun’s heat) dilutes and 
distributes any remaining contaminants when it stirs up the air.

Changing climate conditions affect how much water evapo-
rates from ice, snow, and surface bodies of water. When, where, 
and how much water precipitates back to earth is also affected 
by climate, including wind and storm patterns. Warming tem-
peratures influence how much water is stored as ice and snow.

The total amount of water on the earth and in the atmo-
sphere is finite, except perhaps for a small additional amount 
that may be contributed by comets. The water we use today is 
the same water that was in Noah’s proverbial flood. A quarter of 
the solar energy reaching the earth is employed in constantly 
circulating water through evaporation and precipitation via the 
hydrologic cycle.

Figure 9.3 Hydrologic cycle
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Precipitation

Snow

Groundwater

Precipitation
The most accessible sources of water for our use are precipita-
tion and runoff. Precipitation is relatively pure, and occurs as 
rain, snow, sleet, or hail. Any daily precipitation that does not 
evaporate or run off is retained as soil moisture. After plants 
use it to grow, it evaporates back into the atmosphere, or runs 
down to where all the voids in the ground are filled with water, 
the zone known as groundwater.

It is important for most precipitation to be absorbed into the 
ground to avoid flash flooding and erosion. Healthy riverbanks 
(riparian ecosystems) and healthy plants in watersheds help this 
process. Desertification can result from ground that is unable 
to absorb or store water for plant growth. Impervious paved 
surfaces can lead to the death of urban trees, speed runoff, and 
increase flooding.

raInWater
Historically, rain falling in the countryside ran into creeks, streams, 
and rivers, and most rivers rarely ran dry. Rainfall was absorbed 
into the ground, which served as a huge reservoir. The water that 
accumulated underground emerged as springs and artesian wells 
(wells under pressure in confined aquifers), or in lakes, swamps, and 
marshes. Most of the water that leaked into the ground cleansed it-
self in the weeks, months, or years it took to get back to an aquifer.

Streets in towns that developed near rivers sloped to drain into 
the river, which ran to river basins and the sea. As marshy areas 
were filled in and buildings were built, paved streets and sidewalks 
channeled water to storm sewers and pumping stations. The rapid 
runoff increased the danger of flooding and concentrated pollut-
ants in waterways. Water ran out of the ground into overflowing 
storm sewers without recharging groundwater levels.

raInWater retentIon
In most of the United States, the rainwater that falls on the roof 
of a home is of adequate quality and quantity to supply the fam-
ily’s cleansing needs of about 35 gallons (132 L) per day.

For centuries, traditional builders have designed for rain-
water retention (rainwater harvesting). In the world’s drier 
regions, small cisterns within the home are used to collect rain-
water to supplement unreliable public supplies. With the advent 
of central water and energy supplies in industrial societies, rain-
water collection and use became less common, but this may be 
beginning to change.

In many areas of North America, half of the residential water 
used is for outdoor purposes. Rainwater can make a major con-
tribution to the irrigation of small lawns and gardens by using a 
rain barrel below a downspout or a cistern (a tank for storing 
water) located above the level of the garden to collect and store 
water for later release. Drip irrigation emitters that deliver 
water directly to the root area of a plant are more efficient than 
lawn sprinklers. The alternative of using recycled or reclaimed 
water, such as graywater (wastewater from lavatories, show-
ers, and baths) or stored rainwater for irrigation is gaining ac-
ceptance by North American building codes.



Water Supply Systems     |    149

Xeriscaping is a sustainable landscaping strategy focused on 
using drought‐tolerant, native, and adapted species that re-
quire minimal or no water for maintenance.

Rain, snow, and other precipitation spread a supply of rela-
tively pure water over a large area. Rain is generally diffuse, 
intermittent, and often seasonal. It is most often collected on‐
site, and is used where other sources are scarce or of poor 
quality. A system that combines public networks with individual 
rainwater cisterns offers major environmental benefits. If an-
other supply is available for potable water, around 95 percent of 
indoor water usage could be provided by rainwater.

Rain affects the design of roofs, overhangs, gutters, and 
downspouts. Gutters are often exposed on the exterior of the 
building. (See Figure 9.4) Built‐in gutters may leak into a build-
ing. Rainwater leaders may clog (slowing water flow) or freeze 
into ice. The downspout is the terminal part for the opening of a 
rain leader, through which water is discharged onto the ground.

Precipitation can be captured directly in cisterns, or as a 
more concentrated flow of runoff. Where permitted by code, 
water collected in a cistern can be used for flushing toilets, 
washing, or personal hygiene.

Urban rainwater is not commonly used for drinking and 
cooking. There are sometimes problems with particulates and 
lead or contaminants on catchment surfaces. Cisterns need to 
be checked periodically for bacterial growth.

There are no current US guidelines on rainwater harvesting, 
although several states address the subject. The local health 
code authority has jurisdiction.

SnoW
Snow—where it occurs—has a great impact on building and 
site design. Water stored as snow delays runoff after a storm. 
Snow is a great insulator, both thermally and acoustically. As 
one of the most reflective natural surfaces, it bounces light into 
interior spaces; glare can be a problem. Snow can collect on 
exterior light shelves or restrict the movement of awnings and 
other exterior sun controls. Exterior building parts can be dam-
aged or impeded by the weight and mass or snow.

As snow collecting on a roof melts due to heat lost 
through the building envelope, melting snow on exterior over-
hangs may freeze and build up into ice dams that trap water 
running off the roof. (See Figure 9.5) If it runs out of room, 
this water may migrate up under roof shingles and into the 
building interior. Venting the roof keeps it cooler, and makes 
it less likely that warmer interior temperatures will melt snow. 
A vented roof requires adequate thermal insulation below the 
vent‐air passage.

acId raIn
acid rain is precipitation that is unusually acidic. It can harm 
plants, aquatic animals, buildings, historic monuments, and stat-
ues. It is caused by sulfur dioxide and nitrogen oxide emissions 
reacting with water molecules in the atmosphere. Electrical 
power plants using coal are a principal source. Acid rain affects 
the eastern third of the United States, southeastern Canada, 
and most of eastern Europe as well as the southeastern coast 
of China and Taiwan.

Surface Water, groundwater, and 
Stormwater
runoff is a concentrated flow of water that is relatively easy to 
capture in larger quantities. Runoff may contain organic, chemi-
cal, or radioactive pollution.

Surface water from precipitation affects the thermal, acoustic, 
and daylighting conditions of a building site. Evaporative cooling 
occurs as hot, dry breezes move over the surface of ponds. The 
pleasant sounds of running water mask other noises. Sparkling, 
shifting reflections off surface water can bring welcome daylight 
to a building interior, but may create glare.

Figure 9.4 Gutter

Figure 9.5 Ice dam
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SoIl moISture
Soil moisture is precipitation that neither evaporates nor runs 
off. It is used by growing plants and then transpired by the plant 
to the atmosphere. As water drains down below the root level 
of plants, it eventually reaches the zone of saturation, where 
all voids in the ground are filled with water. This is the level of 
groundwater.

Porous pavement such as porous asphalt, porous con-
crete, and incremental paving helps keep rainwater in the soil. 
Incremental paving consists of small paving units with joints 
that allow water to pass. Open cell paving materials alternate 
areas of paving with grass or groundcover plants, and are used 
for parking in short‐term or remote areas.

groundWater
Groundwater makes up the majority of our available water 
supply. It can be used to store excess building heat in the 
summer for use in the building in winter. Groundwater can 
also be used to cool water stored by solar‐heated buildings. 
Groundwater may harm building foundations when it leaks 
into spaces below ground.

Groundwater is generally found near the surface where it 
can be accessed by drilling or as a spring and be recharged by 
precipitation percolating through the soil. The upper surface 
of groundwater, the top of the aquifer, is called the water 
table. It is the level of the saturated or water‐filled part of 
the porous subsurface layer, and the level at which water is 
located below grade.

StormWater management
Stormwater management traditionally involved removing 
the water from a building and its surrounding property as 
quickly as possible. Large storm sewers carried stormwater, 
along with any trash and pollutants, to waterways. Combined 
stormwater and sewage drainage still used in older cities can 
overflow in downpours and divert untreated sewage into local 
water bodies.

Stormwater management today seeks to delay runoff, and 
to infiltrate the ground to replenish the groundwater water 
table and landscape. (See Table 9.3) By increasing evapora-
tion from surfaces and plants, stormwater management cre-
ates a cooling effect. Water is cleaned before it is returned to 
streams and lakes.

Site landscaping encourages animal life, reduces cooling 
needs, and helps clean the air. Plant roots hold soil in place, and 
their leaves diminish the impact of rain, reducing erosion. Good 
landscaping reduces the intensity and quantity of stormwater.

conservation
There are many reasons to conserve water. A population increase 
means that a limited resource has to go farther. Ancient aquifers 
that are depleted will take thousands of years to recharge. Some 
existing water sources continue to be contaminated. The cost of 
supplying and transporting safe, clean water is increasing.

Most of the potable water in North American buildings is 
used to carry away organic waste. This use affects everything 
from the detailed arrangement of bathroom fixtures and interior 
surfaces to regional plans for very large and complex water and 
sewage treatment facilities.

Affluence apparently increases water use. Lawns, swim-
ming pools, and golf courses use very large amounts of water.

Increasingly, building designers and others are seeking to 
reserve high-quality water for high‐grade tasks. This involves 
emphasizing recycling and water conservation.

The EPA estimates that a faucet that loses one drop per 
second can waste 3000 gallons (11,356 L) annually. Leaking 
pipes can be prevented by careful installation of high-quality 
fixtures, fittings, and water‐using appliances.

conServatIon StrategIeS
Educating clients and fellow professionals is the first step to 
water conservation. Interior designers are in an excellent posi-
tion to advocate the use of efficient plumbing fixtures and wa-
ter‐using appliances and equipment, as well as water restrictors 
and aerators for faucets and showerheads and sensor‐activated 
faucets on sinks and lavatories. More complex conservation 
strategies include dual plumbing that separates potable and 
nonpotable systems, using purple pipes for graywater, using 
tankless water heaters where appropriate, and recirculating hot 
water. Leak control also saves water.

See Chapter 11, “Fixtures and Appliances,” for more information 
on water‐efficient equipment.

Another way to reduce potable water use is to change the qual-
ity of water used. Potable water should be used for all applications 

TabLE 9.3 STOrMWaTEr ManaGEMEnT 
LanDSCaPInG TECHnIqUES
Technique Description
Rain gardens Shallow areas with plants that do not 

hold standing water for long periods. 
Delay or reduce impact of stormwater. 
Locate at least 10 feet (3 meters) from 
building to avoid moisture problems.

Vegetated swales Long, gentle depressions used to direct 
stormwater. Covered with uncut native 
grasses to slow water flow, absorb and 
transpire water, and remove pollutants 
better.

Infiltration trenches 
(French drains)

Trenches along drip line from roof, 
filled with rocks or gravel and often a 
perforated pipe. Help keep stormwater 
out of building, slow its absorption.

Dry well Large hole filled with rocks or gravel, 
stores stormwater temporarily, allows 
infiltration into soil.
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involving human consumption or ingestion. Other sources should 
be sought for landscaping irrigation, fire protection, heating and 
cooling equipment, toilet flushing, and other uses.

Water effIcIency StandardS
The Energy Policy Act of 1992 set maximum usage for various 
fixtures, including showerhead restrictions that assume shorter 
5-minute showers, 1.6 gallon toilet flushing, and high‐efficiency 
front‐loading clothes washers, with no potable water use for ir-
rigation and less leakage.

Per capita water use in the United States is 25 percent lower 
than in late 1970s. This is primarily due to less agricultural and 
power generation use as well as awareness of the value of water.

LEED v4 certification requires reducing water consumption 
by 20 percent from the LEED baseline level. The LEED system 
also sets standards for appliances.

The US EPA WaterSense program was begun in 2006. It pro-
vides a product label that facilitates purchase of high‐performing, 
water‐efficient products.

Protecting the Water Supply
Potable water is water that is free of harmful bacteria and safe 
to drink or use for food preparation. The water carried from the 
public water supply to individual buildings in water mains—
large underground pipes—must be potable.

Protecting and conserving our clean water supplies is criti-
cal to our health. Until recently, a reliable supply of clean water 
was not always available, and epidemic diseases continue to be 
spread through unsanitary water supplies. Water from ponds 
or streams in built‐up areas is unsafe to drink as it may contain 
biological or chemical pollution.

contamInated Water SuPPlIeS
For centuries, people knew the benefits of living near a source 
of fresh water. Unfortunately, it took them a long time to realize 
that their own wastes and those of their animals could pollute 
water sources and cause disease and death. Bacteria were un-
known to science until discovered in Germany in 1892.

Waterborne bacterial diseases are responsible for an es-
timated 2 million deaths worldwide per year, mostly children. 
Diseases include cholera, typhoid fever, dysentery, and 
Brainerd diarrhea, all of which involve abdominal symptoms and 
diarrhea. They are caused by bacteria including Vibrio cholera, 
Campylobacter, Salmonella, Shigella, and Eschericia coli 
(E coli).

These diseases are spread by contaminated surface water 
sources and large, poorly functioning municipal water distribu-
tions. They can be prevented by chlorination and safe water 
handling. However, water treatment systems are expensive to 
build and to operate, and have not been able to keep up with 
growth in population and human migration. Effective alterna-
tives include point‐of‐use disinfection and safe water storage 
vessels. Low‐cost, locally controlled technologies are becom-
ing more prevalent.

Although earth is largely a water planet, fresh water is not 
evenly distributed. More than one‐third of the people living to-
day do not have access to safe water. In addition to geological 
and climactic issues, political and economic barriers prevent 
access to clean water. Some water supplies are contaminated 
by industry, while others contain naturally occurring pollutants.

Water from wells and mountain reservoirs needs relatively 
little treatment. River water is sent through sand filters and set-
tling basins, where particles are removed. Additional chemical 
treatment precipitates iron and lead compounds. Special filters 
are used for hydrogen sulfide, radon, and other dissolved gases. 
Finally, chlorine dissolved in water kills harmful microorganisms. 
The result is an increased supply of clean water to support the 
development of residential and commercial construction.

Water dIStrIButIon
Private water systems serve rural areas and many small com-
munities, with each building having its own water supply. A few 
locations have their own reliable springs for pure water. How-
ever, most private water systems depend on catching rainfall 
(usually on the roof) or using a well.

Larger communities rely on municipal water supply sys-
tems. These systems centralize collection, treatment, and dis-
tribution of water.

Well Water
Wells supply water of more reliable quantity and quality than a rain-
water system. However, water near the surface may have seeped 
into the ground from the immediate area, and may be contaminat-
ed by sewage, barnyards, outhouses, or garbage dumps nearby. 
Well water is often hard water and may require a water softener. 
Most wells require the use of a pump. (See Figure 9.6)

Figure 9.6 antique well pump
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Deep wells are the primary on‐site source of privately sup-
plied water. Over 14 percent of US single‐family residences 
have no community water service and rely on wells.

Wells are commonly sunk substantially below the water ta-
ble to avoid seasonal fluctuations. They may be driven with pipe 
sections or bored with augers. Jetted wells tap a source close 
to the surface using a pressure pump.

Deep wells are expensive to drill, but the water deep un-
derground comes from hundreds of miles away, and the long 
trip filters out most bacteria. Well water sometimes contains 
dissolved minerals, most of which are harmless, but which may 
result in hard water conditions.

Well water is usually potable if the source is deep enough. 
It should be pure, cool, and free of discoloration and odor prob-
lems. The local health department can check samples for bacte-
rial and chemical content before use.

Springs and artesian wells are relatively unusual. An arte-
sian well is a well drilled into a pressurized portion of a confined 
aquifer. Artesian wells do not need a pump to bring water to the 
surface, but may still need one to distribute the water to fixtures.

municipal Water Supply Systems
According to US Geological Survey (USGS) 2014 data, about 86 
percent of the US population gets water from a public supply 
system. A centralized public water distribution system includes 
a water meter and shut‐off valve installed when a tap is made 
to the water main. (See Figure 9.7) Remote gauges or sensor 
units can read a meter located many feet below the surface.

Water SuPPly equIPment
Water mains are large pipes that transport water for a public wa-
ter system from its source to service connections at buildings. 
Water mains underneath sidewalks and streets carry water 

from reservoirs to buildings. The water main is connected to 
each building by a supply line. A service pipe installed by the 
public water utility runs from the water main to the building, far 
enough underground to avoid freezing in winter.

Within the building or in a curb box, a water meter measures 
and records the quantity of water passing through the service 
pipe and usually also monitors sewage disposal services. (See 
Figure 9.8) A control valve is located in the curb box to shut off 
the water supply to the building in an emergency or if the build-
ing owner fails to pay the water bill. A shutoff valve within the 
building also controls the water supply. (See Figure 9.9)

Water quality
The relationship between epidemic diseases and water quality 
was not made until the nineteenth century. In 1854, London physi-
cian John Snow deduced that local cholera cases originated from 
a single pump contaminated with sewage from a nearby house.

Figure 9.7 Public water supply 
Source: Redrawn from Norbert M. Lechner, Plumbing, Electricity, 
Acoustics: Sustainable Design Methods for Architecture, Wiley 2012, 
page 80

Frost line

Water main
Meter

Valve

Cold water

Hot water
heater 
tank

Figure 9.8 Water main and meter

Shutoff
Water
main

Water
meter

Figure 9.9 Water shutoff cover



Water Supply Systems     |    153

Water quality is regulated by federal, state, and local laws. 
The 1996 Amendments to the Safe Drinking Water Act, through 
the EPA, requires water suppliers to publish annual Water Qual-
ity Reports that state what water pollutants are present, to what 
degree, and whether they exceed permissible limits. US Food 
and Drug Administration (FDA) regulations for bottled water are 
less stringent than the EPA tap water standards.

Pesticides, cleaning solvents, and seepage from landfills 
pollute groundwater in some rural areas of the United States. 
In urban areas, the level of chlorine added to prevent bacterial 
contamination sometimes results in bad tasting water and dete-
rioration of pipes and plumbing fixtures.

The textile industry uses large quantities of water in fiber pro-
duction and processing, and fabric finishing, especially dyeing. 
As an interior designer, you can avoid products whose manu-
facturing includes highly toxic technologies and seek out those 
with low environmental impact.

Water qualIty cHaracterIStIcS
Communities routinely check on the quality of their municipal 
water supplies. If a home or business owner is unsure whether 
their building’s supply meets safety standards, a government or 
private water quality analyst will provide instructions and con-
tainers for taking samples, and assess the purity of the water 
supply. The analyst’s report gives numerical values for mineral 
content, acidity or alkalinity (pH level), contamination, turbidity, 
total solids, and biological purity, and an opinion on the sam-
ple’s suitability for its intended use.

Water characteristics are classified as physical, chemi-
cal, biological, or radiological. Physical water characteristics 
derive especially from the surfaces of roofs and water bodies. 
Chemical characteristics occur when groundwater slowly dis-
solves minerals in rocks and soils as it moves down from the 
surface. Chemical problems may be indicated by a tendency 
for water to stain fixtures and clothing. Water may contain bio-
logical organisms that normally do not cause disease, but the 
presence of which in very large amounts is undesirable. The 
presence of radioactive chemicals can produce adverse health 
effects even in very low concentrations.

Hard water is water with an excessive percentage of min-
erals. It can leave mineral deposits on fixtures and plumbing, 
which are unsightly, especially on darker materials. Hard water 
prevents soap from lathering well, and affects some industrial 
processes. Hard water is not covered by EPA standards. Cor-
rosive materials in water create flakes of scale that, when com-
bined with hair and other debris, clog water pipes.

Water softening treatments can improve the appear-
ance and extend the life of plumbing fixtures. Water soften-
ers are usually installed near the water heater and typically 
treat all household water. They are used to remove calcium 
and magnesium. Softening may give the water an undesir-
able taste.

The softening process increases the sodium content of the 
water. This may be a problem for people on low‐sodium diets. 
To minimize problems with sodium used for softening water, it 
is possible to treat only the hot water supply, or to provide a 
cold water line to the kitchen faucet that bypasses the softener.

Water qualIty treatmentS
Primary water treatment begins with filtration, followed by 
disinfection to kill microorganisms in the water. Secondary 
water treatment keeps the level of disinfectant high enough to 
prevent microorganism regrowth.

Residential water filters include a wide variety of equipment 
from carafes to whole‐house systems. (See Table 9.4) They are 
becoming simpler and easier to install. Water filtration at the faucet 
requires space under the sink, with access for filter replacement.

Fiber (mechanical) filters are available as small kitchen fau-
cet filters, or as larger under‐sink filters. A bypass on the faucet 
allows the choice of filtered or unfiltered water, and can extend 
the life of the filter cartridge.

distribution within Buildings
Throughout history, a primary concern of architects, builders, and 
homeowners has been how to keep water out of buildings. It was 
not until the end of the nineteenth century that supplying water 
inside a building became common in industrial countries. Indoor 
plumbing is still not available in many parts of the world today.

Interior designers work with architects, engineers, and contrac-
tors to make sure that water is supplied in a way that supports 
health, safety, comfort, and utility for the client. For indoor plumb-
ing to work safely without spreading bacteria and polluting the fresh 
water supply, it’s necessary to construct two completely separate 
systems. The first, the water supply system delivers clean water 

TabLE 9.4 HOUSEHOLD WaTEr TrEaTMEnT 
METHODS
Method Problem Treated

Activated carbon 
filtration

Taste and odor problems, chlorine 
residue, organic chemicals, and radon

Chlorination Coliform bacteria, iron particles, iron 
bacteria, manganese

Distillation Metals, inorganic chemicals, other 
contaminants

Neutralizing filtration Acidity (low pH)

Particle or fiber 
filtration

Dissolved solids, iron particles

Oxidizing filtration Iron particles, manganese

Anion exchange Nitrate, sulfate, arsenic

Reverse osmosis Metals, inorganic chemicals, other 
contaminants

Water softening Calcium, magnesium, iron particles
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to buildings. (See Figure 9.10) Some of the water entering a build-
ing is diverted to the water heater; from there it travels in hot water 
supply piping to fixtures and appliances that need it. The rest of the 
water goes through cold water supply piping to appliances and fix-
tures. The second is a system of drains called the sanitary waste 
or drain, waste, and vent (DWV) system, which channels all the 
waste downward through the building to the sewer below.

For information on the sanitary waste system, see Chapter 10, 
“Waste and Reuse Systems.”

Small BuIldIng Water SuPPly
In small wood‐frame buildings, indoor plumbing usually is hidden in 
floor joist and wall construction spaces. Masonry buildings require 
spaces that are built out with wood furring strips or metal channels 
to hide horizontal and vertical plumbing. (See Figure 9.11) It is dif-
ficult to run plumbing piping through masonry walls, and not a good 
idea for those that are subject to freezing.

In cold climates, the water supply must enter the building 
below the frost line to prevent freezing. Unheated houses must 
be entirely free of water that could freeze and burst pipes. 
House shutoff controls are usually located at the main, at the 
curb, and within the house. There should be a drain valve at 
every low point in the system.

large BuIldIng Water SuPPly
In large buildings with many fixtures, piping is usually concealed 
except in basements, utility rooms, and points of access to con-
trols. It is often located in pipe chases, vertical and horizontal 
open spaces between walls or ceiling and floor. (See Figure 9.12) 
Pipe chases often have access doors to allow the pipes to be 
worked on. The water supply plumbing and the sanitary drainage 
plumbing must be coordinated with the building’s structure and 
with other building systems.

The weight of the vertical supply pipes and the water they 
contain is supported at each story and horizontally every 6 to 
10 feet (1.8 to 3 m) apart. Adjustable hangars are used to pitch 
the horizontal waste pipes downward for gravity drainage.

Water PreSSure
The water in a community’s water mains is under pressure to 
offset friction and gravity as it flows through the pipes. The 

Figure 9.10 Water supply system
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water pressure in public water supplies is usually around 50 
to 70 pounds per square inch (345 kilopascals [kPa]). This is 
also about the maximum achieved by private well systems, and 
is usually adequate pressure for two‐ or three‐story buildings.

The actual water pressure required for distribution is related 
to the volume of water supplied, the diameter of the pipes, the 
length of the pipes, and the height to which the water is raised. For 
distribution in taller buildings, upfeed, pumped upfeed, hydro-
pneumatic, or downfeed distribution is used. (See Table 9.5)

Once the water is inside the building, its pressure is changed 
by the size of the pipes it travels through. Bigger pipes put less 
pressure on the water flow, while small pipes increase the pres-
sure. If the water rises up high in the building, gravity and fric-
tion combine to decrease the pressure. (See Figure 9.13) The 

water pressure at individual fixtures within the building may vary 
between 5 and 30 psi (35 and 204 kPa).

Too much pressure results in splashing; it can be moderated 
with a flow restrictor on the faucet outlet. Too little produces a 
slow dribble. Water supply pipes are sized to use up the differ-
ence between the service pressure and the pressure required 
for each fixture.

Installing a pressure‐reducing valve where supply pressure is 
too high can avoid leakage and poor operation of automatic 
valves in clothes washers and dishwashers.

Within the building, water continues under pressure to supply 
makeup water for the space‐heating boiler, supply and pressurize 
cold water mains and branches, and supply and pressurize the 
water system through a hot water heater, hot water storage tank, 
and water mains, branches, and circulating lines.

SuPPly PIPeS
Pipe systems consist of pipe or tubing and fittings to join pipes 
to fixtures, valves, water heaters, or other pipes. The overall 
water demand is established by the number of fixtures, which 
in turn is based on the types of building occupancies and the 
number of occupants.

Lead was used for plumbing pipes by the Romans two thou-
sand years ago, and the word plumbing is derived from the Latin 
word for lead, plumbum. Indoor plumbing reached a height in 
the Roman Empire, when public baths combined hot and cold 
pools, exercise spaces, and even libraries and dining areas. 
(See Figure 9.14)

Lead pipes were used through the 1950s. The EPA is con-
cerned even today that lead may leach out of old lead pipes 
and copper pipes joined with lead solder and enter the water 
supply. Fortunately, lead on the inside surface of a pipe quickly 
reacts to form a coating that keeps it from leaching out of the 
pipe. However lead content in water may exceed safe guidelines 
when the water is highly acidic or is allowed to sit in lead pipes 
for a long time. Today, plumbing supply pipes are made of cop-
per, red brass, galvanized steel, and plastic.

TabLE 9.5 TyPES OF WaTEr DISTrIbUTIOn SySTEMS
Type application Description

Upfeed distribution Small low buildings with 
moderate water use

Water main pressure, or pressure 
from pumped wells

Pumped upfeed distribution Medium‐sized buildings with 
inadequate water pressure

Pumps provide additional 
pressure

Hydropneumatic systems Compressed air maintains 
water pressure

Forces water into sealed 
pressurized tanks

Downfeed distribution Water raised to rooftop 
storage tanks, drops down 
to plumbing fixtures

Rooftop tanks may need to be 
heated to avoid freezing; water 
available for fire hoses; requires 
extra structural support

Figure 9.13 How the weight of water above an opening increases 
the pressure of that opening
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Local codes vary in acceptance of plastic piping. Plastic pipe is 
widely used in water supply piping, fittings, and draining systems. 
Most plastic piping is made from thermoplastics that will repeated-
ly soften when heat is applied. Plastic pipe used for potable water 
is required to have a seal from the National Sanitation Foundation 
(NSF). Most plastic pipes are glued together rather than soldered, 
which makes them more difficult to take apart than metal pipes.

Cross‐linked polyethylene, known as PEX, is formed into 
tubing that is widely replacing the use of copper plumbing. Its 
cross‐linking properties change it from thermoplastic to ther-
moset, which allows it to remain flexible where not cross‐linked 
and make tight compression joints with itself when heat set 
without the use of potentially toxic solvent. The use of flexible 
PEX tubing reduces labor costs as well as the time it takes to 
get hot water, which in turn reduces water and energy waste.

Threaded connections are used for ferrous pipes and what 
is termed iron‐pipe‐size brass. Larger ferrous pipes are often 
welded or connected with bolted flanges. Copper pipes are sol-
dered after being placed in their final position.

Plumbing pipes must be accessible for cleaning and repairs. 
(See Figure 9.15) This may require access panels.

The greater the velocity of water flowing through pipes, the 
greater the resistance and the more noise is produced. High ve-
locity is also likely to produce pipe vibrations, generating more 
noise. To control noise, the velocity should not be greater than 
6 feet per second (fps) for pipes within an occupied area. Sup-
porting pipes resiliently avoids transmitting pipe vibrations to 
the building’s structure. To contain sound, pipes should also be 
enclosed by at least ½" (13 mm) of gypsum wallboard.

Engineers determine pipe sizes by the rate at which the 
pipes will transport water when there is the most demand. Pipes 
in the supply network tend to become smaller as they get far-
ther from the water source and closer to the point of use, since 
not all of the water has to make the whole trip. The sizes depend 
on the number and types of fixtures to be served and pressure 
losses due to friction and vertical travel. Water flowing through 

a smaller pipe is under greater pressure than the same amount 
of water in a larger pipe.

The sizing of water pipes depends on the availability of suffi-
cient pressure at fixtures. Local ordinances often state that the 
flow must be adequate to keep fixtures clean and sanitary. Pipe 
size is based on the amount of flow in gallons per minute (gpm), 
the imposed resistance or pressure loss, and water velocity.

The interior designer needs to give the engineer specific 
information about the number of plumbing fixtures and their 
requirements as early in the process as possible. Each type 
of fixture is assigned a number of fixture units. The number of 
gallons per minute is estimated based on the total number of 
fixture units for the building, The engineer assumes that not all 
the fixtures are in use at the same time, so the total demand is 
not directly proportional to the number of fixture units.

For economy of piping, it is a good idea whenever possible to 
locate spaces with plumbing needs, such as a kitchen and a 
bathroom, or two bathrooms, back‐to‐back.

condenSatIon and InSulatIon
Supply water piping is insulated to prevent condensation and 
to reduce heat transfer between the air and pipe contents. All 
cold‐water piping and fittings should be covered with insulation 
and a tight vapor barrier to prevent condensation. All hot‐water 
piping in recirculating hot water systems should be insulated to 
conserve energy.

Pipes sweat when moisture in the air condenses on the 
outsides of cold pipes. This condensation drops off the pipes, 
wetting and damaging finished surfaces and aiding the growth 
of mold. Insulation keeps heat from adjacent warm spaces from 
warming the water in the pipes. When pipes are wrapped in 
glass fiber ½" to 1" (13 mm to 25 mm) thick with a tight vapor 

Figure 9.14 roman bath, bath, England 
Source: Roman Baths and Abbey, Circular Bath, Bath, England, Library 
of Congress Prints and Photographs Division Figure 9.15 Plumber opening trap 

Source: Bob Giuliani, Illustrations of Services and Trades, Dover 
Publications, Inc., 1995, copyright free
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retarder on the exterior surface, the moisture in the air cannot 
get to the cold surface. The vapor retarder prevents heat flow 
from warmer air as well, keeping the water cooler. Pipe insula-
tion is available preformed to wrap around water pipes, making 
home improvement easier. (See Figure 9.16)

Hot water pipes are insulated to prevent heat loss. Hot and 
cold water supply lines often run close to each other. Heat from 
the hot water can be lost to the adjacent cold water lines. When 
hot and cold water pipes run parallel to each other, they should 
be a minimum of 6" (152 mm) apart, to avoid exchanging heat, 
even when the pipes are insulated.

Storage tanks and water heaters usually are manufactured 
with integral insulation. However, older devices may have less 
insulation than desired; these can be retrofitted by adding an 
insulating blanket.

In very cold climates, water pipes in exterior walls and un-
heated buildings may freeze and rupture. Avoid locating fixtures 
along exterior walls for this reason. If water supply pipes must 
be located in an exterior wall, they should be placed on the 
warm side (inside) of the wall insulation. A drainage faucet lo-
cated at a low point will allow the pipes to be drained before 
being exposed to freezing weather.

Plumbing should not be installed in exterior walls where there 
is any chance of subfreezing weather. This may require that no 
fixtures be placed on exterior walls.

BrancH SuPPly lIneS
A line runs out to each fixture from a branch supply line. (See 
Figure 9.17) roughing‐in is the process of getting all the 
pipes installed, capped, and pressure tested before actual fix-
tures are installed. The rough‐in dimensions for each plumbing 
fixture should be verified with the fixture manufacturer so that 
fixture supports can be built in accurately during the proper 
phase of construction.

Small‐scale piping assemblies normally fit into a 6" (152 mm) 
interior partition.

Standard ½" (13 mm) supply pipes may be insufficient in 
bathrooms that include spa tubs, whirlpool tubs, or high‐volume 

Figure 9.16 Pipe insulation

Figure 9.17 branch lines to fixtures
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or multihead showers with large water demands. Larger tubs 
and whirlpools typically use a ¾" (19 mm) water supply line with 
a ¾" (19 mm) iron pipe size valve and bath spout.

PlumBIng valveS
It is a good idea to have a shut‐off valve to control the flow of 
water at each vertical pipe (known as a riser), with branches for 
kitchens and baths and at the runouts to individual fixtures. Ad-
ditional valves may be installed to isolate one or more fixtures 
from the water supply system for repair and maintenance. A 
water shut‐off valve in or near each bathroom fixture, or where 
the water supply enters the area, instead of only in basement or 
outside, allows for emergency shut off.

Valve types include globe, gate, angle, check butterfly, and 
ball valves. (See Figure 9.18) Mixing valves are required for 
showers to eliminate temperature change due to variations in 
line pressure. Mixing valves have a maximum discharge tem-
perature 120 degrees F (49°C).
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Avoid hiding valves behind panels or doors that are difficult to 
remove. Disguised doors or removable tiles can provide easy 
access, but only if the client knows about them.

vacuum BreakerS
Vacuum breakers keep dirty water from flowing back into 
clean supply pipes. (See Figure 9.19) They also isolate water 
from dishwashers, clothes washers, and boilers from the water 
supply. For example, vacuum breakers are required in the hair‐
washing sinks in beauty salons.

aIr cHamBerS and Water Hammer
A dead‐end upright branch of pipe located near a fixture is called 
an air chamber. When a faucet is shut off quickly, the water’s 
movement in the supply pipe drops to zero almost instantly. 
Without the air chamber, the pressure in the pipe momentarily 
becomes very high, and produces a sound like banging the pipe 
with a hammer—appropriately called water hammer—that 
may damage the system. This can happen when due to the op-
eration of an automatic shutoff valve in a clothes washer, or a 
quick‐acting faucet. The air chamber absorbs the shock and 
prevents water hammer.

Water hammer at its worst sounds like a pipe being hit by a 
metal hammer, but more often like the thud of a rubber mallet, 
followed by a rattle of pipes.

Because the air in the pipe could possibly be absorbed 
over time or harbor bacteria that could contaminate the wa-
ter supply, many jurisdictions now require anti‐knock devices 
designed specifically as a water hammer arrestor, which use a 
piston rather than air in a column. (See Figure 9.20) When the 
water hammer afflicted valve near the shock absorber closes, 
the initial shock expands the rubber bellows. This displaces the 
hydraulic fluid, and the shock is absorbed by the inert gas.

Hot Water
The amount of energy used to heat water depends on the build-
ing’s function and energy conservation efforts. (See Table 9.6) 
For example, over the past few years hotels have managed to 
decrease their water efficiency from 40 percent of total energy 
used to around 33 percent.

The hot water that is used for bathing, clothes washing, 
washing dishes, and many other things, but not for heating 
building spaces, is called domestic hot water (DHW) or some-
times building service hot water (in nonresidential buildings). 
When a well‐insulated building uses very little water for space 
heating but uses a lot of hot water for other purposes, a single 

Figure 9.20 Water hammer shock arrestor

Figure 9.18 Valve types 
Source: Redrawn from David Lee Smith, Environmental Issues for 
Architecture, Wiley 2011, page 435
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large hot water heater may supply both. In a large building, a 
return pipe is usually provided near each fixture to return water 
to the water heater for rewarming.

Hot Water uSage
The efficiency of hand washing dishes in a sink compared to 
using a dishwasher depends on how the hand washing is done. 
Older dishwashers used 8 to 15 gallons per load, plus up to 
3 times the as much electricity. An efficient dishwasher today 
uses between 3 and 5 gallons per load. It is possible to do an 
equivalent amount of dishes by hand with less than 8 gallons, 
but regular hand‐washing can use up to 27 gallons. If you run 
the washer only when it is full, a newer automatic dishwasher is 
likely to be more efficient.

A tub bath will use about 13 to 15 gallons of hot water. 
A short shower requires 6 to 8 gallons, but a 5- to 6-minute 
shower is equivalent to a tub bath.

Clothes washers vary in the amount of hot water they use. 
(See Table 9.7)

Hot Water conServatIon
Hot water uses two types of resources: energy to heat water 
and the water itself. Strategies for saving hot water are in some 
respects similar to water-saving methods in general. Demand 
can be reduced by using flow restrictors, aerators, and auto-
matic faucets, and by washing clothes in cold water. Other con-
servation methods include:

 ● Insulate hot water pipes and storage tanks.
 ● Install heat traps that allow water to flow into the tank but 

prevent hot water outflow from tanks, thus preventing 
convection currents from moving hot water into pipes.

 ● Use a timer to turn off electric water heaters when not in use.
 ● Install a separate meter and heat water at night only for lower 

electricity costs.
 ● Use wind or solar energy, with backup heaters for calm or 

overcast days.
 ● Increase efficiency with a forced circulating hot water system 

to continuously supply hot water at each fixture.
 ● Produce hot water more efficiently with a high‐efficiency gas 

heater.
 ● Avoid electric resistance heaters, and use an electric heat 

pump instead.
 ● For energy recovery, use a heat exchanger to prewarm cold 

water on way to hot water tank. (See Figure 9.21)

temPeratureS
In many buildings, water is heated and stored in large tanks at 
high temperatures to assure that hot water will always be avail-
able in sufficient quantities. Inevitably, some heat is lost during 
storage and delivery. Sometimes the water tap must be run for 
an extended period in order to access the water at the desired 
temperature. In order to save energy and water, wise consum-
ers use water at lower temperatures whenever feasible.

People generally take showers at 105° to 120°F (41° to 
49°C), often by blending hot water at 140°F (60°C) with cold wa-
ter with a mixing valve in the shower. Most people experience 
temperatures above 110°F (43°C) as uncomfortably hot. Higher 
water temperatures allow smaller hot water tanks to be installed, 
since the super‐hot water is mixed with cold water before use.

TabLE 9.6 HOT WaTEr EnErGy USE
Use % of Total Energy Use

Hotel 33

Healthcare 27

Educational 22

Residential 15

TabLE 9.7 CLOTHES WaSHEr HOT WaTEr USE
Machine Type Gallons (Liters) per Load

Standard top‐loading washer 
newer models

Under 30 (114)

Front‐ or top‐loading high‐
efficiency washer

Up to 25 or 30 (95 to 114)

Ultra‐high efficiency vertical 
axis with wash plates

About 15 (57)

Horizontal‐axis washers Less than 15 gal (57)

Figure 9.21 Heat exchanger for shower
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Much higher temperatures are used for some commercial pur-
poses, and high temperatures may be required or limited by codes 
for some applications. The 2015 IPC limits the potable hot water 
distribution system to a temperature of 140°F (60°C) or less. Lo-
cal codes may specify the type and efficiency of water heater for 
remodeling, replacement, or new construction. (See Table 9.8)

Temperatures above 140 degrees F (60°C) can cause seri-
ous burns, and promote scalding if the water is hard. However, 
high temperatures limit the growth of the harmful bacterium 
Legionella pneumophila, which causes Legionnaire’s disease.

Lower temperatures are less likely to cause burns, but may 
be inadequate for sanitation. Lower temperature water loses 
less heat lost in storage and in pipes, saving energy. Smaller 
heating units are adequate for lower temperatures, but larger 
storage tanks are needed. Solar or waste heat recovery sourc-
es work better with lower temperature water heaters.

Hot Water Heaters
Tank style hot water heaters typically hold 30 to 70 gallons (114 to 
265 L); about 70 percent of that amount is usable capacity. Size con-
siderations include the client’s flow rate demand, the temperature 
of the water entering the tank, and the desired output temperature.

Most manufacturers have software to help calculate the size of 
hot water tank needed.

Solar Water HeaterS
Solar hot water is one of the most common and cost‐effective 
solar applications. Even in less‐sunny climates, solar hot water 
can provide most of the needs for a residence. Solar water heat-
ers manufactured as packages that include collectors, storage 
tank, and controls are available in many countries worldwide. 
(See Figure 9.22) Panels are most often located on a roof, but 
can also be mounted on the ground.

TabLE 9.8 rEPrESEnTaTIVE HOT WaTEr TEMPEraTUrES
Use activity Temperature

Lavatory Hand washing 105°F (40°C)

Shaving 115°F (45°C)

Surgical scrubbing 110° F (43°C)

Bathing Showers, tubs 105° to 120°F (41° to 49°C)

Therapeutic baths 95°F (35°C)

Laundry Commercial, institutional Up to 180°F (82°C)

Residential 140°F (60°C)

Dishwashing Commercial spray‐type: wash 150°F (65°C) minimum

final sanitizing rinse 180° to 195°F (82° to 90°C)

General cleaning, food 
preparation

Typically limited to avoid burns Not exceeding 140°F (60°C)

Figure 9.22 Solar water heater

Collector
Hot water 
to house

Solar storage
and backup
water heater

Bypass
valves

Spigot drain
valve (cold
climates)

Cold water
supply

Solar water heating can easily meet most of the summer 
DHW demand throughout the United States. In places where 
temperatures fall below 42°F (60°C), solar water heating sys-
tems need protection against freezing. Codes in some parts 
of the United States may require solar water heaters for new 
construction.

Solar water heaters are designed as either active systems 
with circulating pumps and controls, or as passive systems. Active 
solar water heating systems can be located anywhere, but are 
subject to mechanical breakdowns and require increased mainte-
nance. Panels have tubes for water or a transfer liquid that goes 
to a heat exchanger. The heated water goes to a storage tank.
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The energy factor (EF) is used to compare the energy effi-
ciency of hot water heaters. (See Table 9.9) Higher numbers are 
more efficient. The US Department of Energy (DOE) requires the 
yellow Energy Guide Label on hot water heaters to facilitate 
comparison.

tankleSS Water HeaterS
Small tankless water heaters (also called instantaneous, de-
mand, or point‐of‐use heaters) raise the water temperature very 
quickly within a heating coil, from which it is immediately sent 
to the point of use. A gas burner or electrical element heats the 
water as needed. (See Figure 9.24) These water heaters have 
no storage tank, and consequently, do not lose heat.

According to the US DOE, homes that use 4 gallons or less 
of hot water daily can save one‐third of the energy they use with 
tankless heaters. Tankless heaters typically produce a maxi-
mum of 5 gpm (gas) or around 2 gpm (electric resistance).

Passive solar water heating systems are typically less ex-
pensive than active ones. Although they are usually less effi-
cient, they have lower component costs, and are often more 
reliable, lasting longer than active systems. Passive systems 
rely on gravity for circulation, so the heavy storage tank must 
be above the collector, which can create structural problems.

Solar water heaters use either direct or indirect systems. In 
a direct system, the water to be used in the building circulates 
through the solar collector. Direct systems are simple, efficient, 
and do not require a separate fluid loop for heat exchange.

Indirect solar water heating systems use a closed loop con-
taining fluid that circulates through a collector and storage tank. 
Heat is passed from the fluid to DHW through a heat exchanger. 
An indirect system allows the use of nonfreezing fluid in the 
collector loop, and collectors can be operated at low pressure.

Solar energy can be used to heat outdoor swimming pools 
during the months with most sun. Solar pool heating extends 
the swimming season by several weeks and can pay for itself 
within two years.

Storage tank Water HeaterS
Hot water can be heated at a central location or at the point of 
use. Central hot water heating systems waste both energy and 
water. Their primary advantage is their low initial cost. Central 
locations are most popular in the United States. The rest of the 
world prefers tankless point of use heaters. This is apparently 
mostly due to differences in energy costs.

The location of a hot water heater affects how quickly hot wa-
ter arrives at a bathroom. Adding a second water heater near 
a residential bathroom may be a good idea, especially where 
there is a high‐demand whirlpool tub or multihead shower.

A storage tank water heater should be energy efficient and 
sized to the needs of the household. Installing too large a water 
heater uses more energy than required.

The water enters a storage tank water heater (See Figure 9.23) 
at the bottom of the tank where it is heated, and leaves at the 
top. The heat loss through the sides of the tank continues even 
when no hot water is being used, so storage water heaters keep 
using energy to maintain water temperature. The tanks usually are 
insulated to retain heat, but some older models may need more 
insulation. Local utilities will sometimes insulate hot water tanks 
for free. High‐efficiency water heaters are better insulated and use 
less energy.

Water heaters are selected based on their energy efficiency, 
tank storage capacity, and the amount of time it takes for the wa-
ter temperature to rise a designated amount. Capacity affects how 
many fixtures can use hot water simultaneously. Recovery rate is 
the time it takes to heat around half of the demand measured in gal-
lons per hour. The first hour rating (FHR) is based on tank size and 
recovery rate. Gas heaters have higher recovery rate than electric 
heaters for the same FHR, so their tanks can be smaller.

Figure 9.23 Storage tank water heater
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TabLE 9.9 HOT WaTEr HEaTEr EnErGy EFFICIEnCy
Fuel Heater Type Energy Factor (EF)

Solar Tank 10+

Gas Tank 0.5 to 0.65

Tankless 0.7 to 0.85

Tank‐condensing 0.85

Oil Combined with 
space heating boiler

0.6

Electric resistance (not sustainable 
due to source inefficiencies)

Tank 0.75 to 0.95

Tankless 0.98

Electric heat pump Tank 1.5 to 2.5

Point‐of‐use heaters are built into equipment such as dish-
washers. An instantaneous hot water dispenser has a separate, 
smaller faucet for near‐boiling water for beverages and instant 
soups. These dispensers require an extra hole in the surface of 
a sink or counter, plus a water supply line.

Tankless hot water heaters are also used for remote fix-
tures. Tankless heaters can be powered by electric resistance, 
natural gas, or propane; gas heaters produce hot water faster 
than electric resistance heaters, and are more efficient overall 
due to electrical generating inefficiencies.

The number of water heaters needed is reduced with back‐
to‐back plumbing design that puts the kitchen, laundry, and a 
bathroom all in one central location.

Figure 9.24 Gas tankless water heater
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gaS Water HeaterS
Natural gas and propane water heaters typically cost more to 
buy but are less expensive to operate than electrical water heat-
ers. Gas hot water heaters must be designed to allow gas to 
escape safely in the rare but serious event of a gas leak.

Higher‐efficiency gas condensing water heaters can be ex-
hausted by a horizontal pipe. Combustion gasses pass from 
a sealed chamber inside the tank through a coiled steel tube 
that serves as a secondary heat exchanger. Condensing heat-
ers remove so much heat from exhaust gasses that they are 
cool enough to vent through inexpensive plastic plumbing pipe 
rather than a stainless steel flue. A fan can blow them horizon-
tally through the outside wall. Condensing heaters are 90 to 
96 percent efficient, compared to 60 percent efficiency for an 
average tank water heater.

Most larger demand water heaters are gas fueled. They re-
quire a vent to the outdoors, and sometimes a large diameter 
gas line. They are typically more expensive to buy than a stan-
dard tank gas water heater, but can save money over time.

Hot Water dIStrIButIon
Hot water is carried through the building by pipes arranged in 
distribution trees. When hot water flows through a single hot 
water distribution tree, it will cool off as it gets farther from 
the hot water heater. To get hot water at the end of the run, 
you have to waste the cooled‐off water already in the pipes. 
With a looped hot water distribution tree, the water circulates 
constantly. There is still some heat loss in the pipes, but less 
water has to be run at the fixture before it gets hot. Hot water is 
always available at each tap in one to two seconds.

Hot water is circulated by use of the thermosiphon prin-
ciple. This is the phenomenon where water expands and be-
comes lighter as it is heated. The warmed water rises to where 
it is used, then cools and drops back down to the water heater, 
leaving no cold water standing in pipes. A thermosiphon system 
comprises a heater with storage tank, piping to the farthest 
fixture, and piping to return unused cooled water back to heater. 
In multistory buildings, the increased height produces better 
thermosiphon circulation.
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The term water cooler is used for a drinking fountain with 
its own self‐contained refrigeration equipment. Centralized chill-
er equipment can be used where a large number of drinking 
fountains are needed. The central chilled water is pumped con-
tinuously, and pipes must be insulated to avoid warming, with a 
vapor‐tight material to avoid condensation.

gaS SuPPly and dIStrIButIon
Natural gas distributed by bamboo pipes was used in Chinese 
homes for light and heat as early as 400 ce. The first com-
mercial natural gas was produced from coal and used in Britain 
around 1785 to light houses and streets.

Natural gas is delivered to a building from a nearby pipe-
line. A natural gas piping connection is installed at the building 
boundary where required.

When a gas appliance is moved, the gas line should be 
capped to prevent leaks or a possible explosion. Space for a 
gas shut‐off valve should be located very near a gas device. Ex-
isting gas lines can be adjusted or relocated without too much 
difficulty, as the piping is flexible.

When gas is installed for the first time, it should be done before 
the floor and wall finishes are completed.

Propane is a byproduct of natural gas processing and petro-
leum refining. It is provided as either a liquid or a gas (vapor), but a 
propane system designed for one cannot be used for the other. Pro-
pane gas is mainly used for engines, barbeques, portable stoves, 
and home heating. It is usually supplied from a tank (typically in a 
backyard) when natural gas is not available. The gas burner at the 
bottom of the tank is ignited by a standing pilot light or by spark 
ignition. Liquefied petroleum gas (LPG) is a fuel that is in liquid 
form at or below its very low boiling point of ‐44°F (‐42°C).

Gas equipment generates dangerous carbon monoxide 
combustion gas. This requires a vent to the outside, typically 
through the roof. Natural draft ventilation or forced air ventila-
tion with a fan may be used.

In Chapter 9, we have described the water supply system. 
Chapter 10 deals with the separate waste piping system, and 
with other waste and recycling systems.

Forced circulation is used in long buildings that are too 
low for thermosiphon circulation, and where friction from long 
pipe runs slows down the flow. The water heater and a pump are 
turned on as needed to keep water at the desired temperature. 
It takes five to ten seconds for water to reach full temperature 
at the fixture. Forced circulation is common in large one‐story 
residential, school, and factory buildings.

A recirculating hot water pump delivers hot water instant-
ly at faucets without having to draw off any cold water. The recir-
culating pump consumes electrical power, and the entire piping 
system is always filled with hot water, exposing it to greater heat 
loss. In small buildings such as single‐family residences, where 
fixtures are close together, less energy is wasted in drawn‐off 
water than by continuously recirculating hot water.

Computer controls can save energy in hotels, motels, 
apartment houses and larger commercial buildings. The com-
puter provides the hottest water temperatures at the busi-
est hours. When usage is lower, the supply temperature is 
lowered and more hot water is mixed with less cold water at 
showers, lavatories, and sinks. Distributing cooler water to 
the fixture results in less heat lost along the pipes. The com-
puter stores and adjusts a memory of the building’s typical 
daily use patterns.

Hot water pipes expand. This rarely causes problems in 
smaller buildings such as houses, but can be an appreciable 
problem in a tall building.

chilled Water
Most public buildings provide chilled drinking water. Previ-
ously, a central chiller with its own piping system was used 
to distribute the cold water. Today, water is chilled in smaller 
water coolers at each point of use, providing better quality at 
less cost. Some systems involve a central water purification 
system that distributes water throughout an office; water is 
then chilled at individual water coolers. These systems require 
more plumbing, but eliminate the need to install heavy water 
bottles on coolers.

Standard hot and cold bottled water coolers can use more 
energy than a large refrigerator. Drinking fountains are usually 
specified with point‐of‐use water coolers, but are also available 
without coolers.
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When cities began to pave their streets in the nineteenth cen-
tury, natural streams were enclosed in storm sewers. These 
pipes channeled water to local rivers. (See Figure 10.1) With the 
advent of flush toilets, the pipes became combined sewers 
that carried both storm runoff and building wastes to rivers. 
Eventually, the rivers and associated bodies of water became 
too polluted for use, and separate sanitary sewers and sew-
age treatment plants were built.

Today, residential housing developments slope from lawns 
at the top to street storm drains at the bottom. Once water 
enters a storm drain, it dumps out in rivers far away from 
where it started. Huge amounts of storm water also leak into 
sewer pipes that mix it with sewage and take it even farther 
away to be processed at water treatment plants. The result 
is a suburban desert, with lawns that need watering and re-
stricted local water supplies.

IntRoductIon
Architects and engineers view the use of fresh, potable water to 
carry waste with concern.

We expend half our urban water consumption in flushing 
garbage and excrement from our buildings and then mix this 
half with the half we have used for washing and other purposes. 
This is marvelously convenient and keeps our buildings free 
of disease and odor, but it creates new problems. The 
water that the municipality just brought to the town at such 
trouble and expense, sparkling clean and bacteria free, is 
now sewage. It is thoroughly contaminated with odor and 
potential disease and presents an enormous disposal 
problem. (Edward Allen, How Buildings Work [3rd ed.], 
Oxford University Press 2005, page 42)

The process of designing to remove human waste from a room 
within a building is more complex than that required to supply wa-
ter. Pipes for waste water are required, including large diameter 
pipes that slope continuously downward from the toilet to the sew-
er or septic tank. An entire system of vents and traps is needed 
to deal with sewer gas. In addition, cultural attitudes regarding 
privacy, personal hygiene, and physical comfort affect the design.

Each building has a sanitary plumbing system that channels 
all the waste downward through the building to the municipal 
sewer or a septic tank below. The sanitary system begins at the 
sink, bathtub, toilet, and shower drains. (See Figure 10.2) The 
drainage system includes essentially horizontal branches and 
vertical stacks as well as vents.

The sanitary plumbing system carries wastewater downhill, 
joining pipes from other drains until it connects with the sewer bur-
ied beneath the building. Underground pipes for sewage disposal Figure 10.1 Storm drain cover, Boston, Massachusetts
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are made out of vitrified clay tile, cast iron, copper, concrete pipe, 
asbestos cement, or PVC or ABS plastic.

The sanitary system has large pipes to avoid clogs. Since 
the system is drained by gravity, all pipes must run downhill. The 
large size of waste pipes, their need to run at a downward angle, 
and the expense and difficulty of tying new plumbing fixtures 
into existing waste systems means that the interior designer 
must be careful in locating toilets.

History
The city of Mohenjo‐daro in Pakistan, which existed as part of the 
Indus Valley Civilization from the twenty‐sixth to the nineteenth 
centuries bce, had a sophisticated sewage system with drainage 
channels and street ducts. Major streets were lined with cov-
ered drains for wastewater. Water‐flushed latrines were found at 
Mohenjo‐daro, and also in Mesopotamian cities dating to 1500 bce.

An extensive sewage system ran under the Minoan (3000 
to 100 bce) town of Knossos in Crete. Rome’s Cloaca Maximus 
evolved from an open‐air canal, and was gradually covered 
over; it is still in use as a sewer today.

Until the advent of indoor plumbing, wastes were removed 
from the building daily for recycling or disposal. Urban inhabit-
ants continued to dump sewage and garbage into street gutters 
until the 1890s. Rural people dumped wastes into lakes, rivers, 
or manmade holes in the ground called cesspools that gener-
ated foul smells and created a health hazard.

By the nineteenth century, natural streams came to be en-
closed in pipes under paved city streets. Rain ran into storm 
sewers and then to waterways. When flush toilets were con-
nected to the storm sewers later in the century, the combined 
storm water and sanitary drainage was channeled to fast‐flow-
ing rivers, which kept pollution levels down. Some sewers con-
tinued to carry storm water only, and separate sanitary sewers 
were eventually installed that fed into sewage treatment plants.

Modern plumbing with fresh water supplies and effective 
sewer systems was not widely available until the late nineteenth 

century. Older cities still may have a combination of storm sew-
ers, sanitary sewers, and combined sewers, in a complex net-
work that would be difficult and expensive to sort out and reroute.

By the 1950s, most residences in industrialized countries 
included indoor plumbing. According to the United Nations Hu-
man Development Report (2006), it is estimated that 2.6 billion 
people worldwide lack indoor plumbing.

SanItaRy WaSte SyStemS
Water has nearly ideal properties for the dissolution and trans-
portation organic waste. However, this is a case of using a high‐
quality resource for a low‐grade purpose.

Human waste can contain disease‐causing organisms such 
as viruses, bacteria, protozoa, and parasitic worms. Fecal co-
liform bacteria (E. coli) are not themselves pathogenic, but as 
they indicate exposure to human or animal waste, they signal 
the likely presence of disease‐causing organisms.

Sanitary Piping elements
Waste pipes are drainpipes that carry only dirty water from sinks, 
lavatories (for washing hands), tubs, showers, water closets 
(WC), urinals, and floor drains. The sanitary plumbing system 
also consists of waste, soil, and vent stacks; branch waste and 
soil lines, and vents; floor drains; cleanouts to remove clogs from 
pipes; and fresh‐air inlets. In order to preserve the gravity flow, 
large waste pipes must run downhill, and normal atmospheric pres-
sure must be maintained throughout the system at all times.

What we usually call a toilet is referred to in codes as a water closet.

PIPIng, FIttIngS, and acceSSoRIeS
Soil pipes carry water and human excrement. Soil and waste 
piping and venting is made of cast iron, copper, or various 
types of plastic. Cast iron is durable and corrosion resistant, 
but difficult to cut. (See Figure 10.3) Plastic waste pipes made 
of ABS or PVC plastic are lightweight and can be assembled in 
advance. (See Figure 10.4)

Figure 10.2 Waste drain system
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Figure 10.3 Cast iron pipe
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Older buildings may still have old pipes. Drainage lines under 3" 
(76 mm) in diameter used to be mainly galvanized steel, but were 
subject to problems from caustic materials. Cast iron, which is 
very long‐lasting but may crack or leak, was used for larger pipes.

Today’s 1.6 gallons (6 L) low‐flush toilet may not work well with 
older cast iron waste pipes. The interior surface of the cast iron 
is rougher than that of plastic pipes, and backups and clogs 
may result.

dRaInage PIPIng
Engineers size waste plumbing lines according to their location 
in the system and the total number and types of fixtures they 
serve. Waste piping is laid out as direct and straight as possible 
to prevent deposit of solids and clogging. Bends are minimized 
in number and angled gently, without right angles.

Waste pipes at least 4" (102 mm) in diameter are used in 
drainage piping to prevent clogging. Cleanouts are installed 
for access where a horizontal or vertical change of direction 
occurs, and at intervals in long pipe runs.

The size of drainage piping depends on the number of 
drainage fixture units (DFUs). The DFU is based on the size 
of the drainpipe and trap on a particular fixture. Drainage pip-
ing is designed with the assumption that not all fixtures will 
discharge the maximum allowable drainage at the same time. 
The maximum number of fixtures connected to a drain is lim-
ited by code.

At its bottom, the drainage piping is connected to a nearly hori-
zontal pipe. Within the building footprint, this is called the building 
drain. Outside the building, generally 5 feet (1.5 meters) from the 
building foundation, it becomes the sewer line.

High‐volume showers may require enlarged drain lines. The re-
quired size of a drain line may change if a tub is replaced by a 
shower.

It is best to pitch drainpipes ¼" per foot (19 mm/m), but 
pitches range from " per foot (27 mm/m) to ½" per foot 
(38 mm/m). If this is not possible, the pipe must be pitched 
45 degrees or more. Too great a pitch can cause the waste 
to flow too fast, inducing solids to plug the drain over time. 
Too little pitch creates too slow a flow; solids settle and clog 
the drain, and there is not enough scouring action to keep the 
drain clean.

Large, sloping drainpipes can gradually drop from a floor 
through the ceiling below and become a problem for the interior 
designer.

FIxtuRe and BRancH dRaInS
Fixture drains extend from the trap of a plumbing fixture to 
the junction with the waste or soil stack. Branch drains con-
nect one or more fixtures to vertical soil or waste stacks. At 
their bases, drain stacks are connected together by a sloping 
building drain. The building sewer connects the building drain 
to the public sewer or to a private treatment facility such as a 
septic tank.

StackS
A stack is a vertical pipe. Vertical waste pipes are either waste 
stacks or soil stacks. A soil stack is the waste pipe that runs 
from toilets and urinals to the building drain or building sewer. 
A waste stack is a waste pipe that carries gray liquid wastes 
from plumbing fixtures other than toilets and urinals. A drain 
stack is a convenient central drain serving a number of fixtures 
one above the other on different floors. A stack vent is a verti-
cal pipe that vents a waste or soil stack.

Codes set minimum diameters for stack and vent pipes in rela-
tion to the number of fixtures installed. If additional fixtures are 
added to an older home, stack and vent pipe sizes may need 
to be changed.

tRaPS
Originally, the pipe that carried wastewater from a plumbing 
fixture ran directly to the sewer. Foul‐smelling gases from the 
anaerobic (without oxygen) digestion in the sewer could travel 
back up the pipe and create a health threat indoors.

The trap was invented to block the waste pipe near the 
fixture so that gas could not pass back up into the building. 
The trap is a U‐shaped or S‐shaped section of drainpipe that 
holds wastewater. (See Figure 10.5) The trap forms a seal to 

Figure 10.4 Plastic waste pipe
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prevent the passage of sewer gas while allowing wastewater 
or sewage to flow through it. Each time the filled trap is emp-
tied, the wastewater scours the inside of the trap and washes 
debris away.

Traps are made of steel, cast iron, copper, plastic, or 
brass. The trap should generally have a height of 2" to 4" (50 
to 102 mm). Traps are usually located within 24" (610 mm) 
of a fixture and should be accessible for cleaning through a 
bottom opening that is otherwise closed with a plug. On water 
closets and urinals, they are an integral part of the vitreous 
(glasslike) china fixture, with wall outlets for wall‐hung units 
and floor outlets for other types.

There are a few exceptions to the rule that each fixture 
should have its own trap. Two laundry trays and a kitchen sink, 
or three laundry trays, may share a single trap. Three lavatories 
are permitted on one trap.

When water moving farther downstream in the system 
pushes along water in front of it at higher pressures, nega-
tive pressures can occur behind. The higher pressures could 
force sewer water through the water in some traps, and 
lower pressures could siphon water from other traps, allow-
ing sewer gases to get through. (See Figure 10.6) Increasing 
air pressure by introducing air from a fixture vent prevents 
siphoning.

If the fixture is not used often, the water may evaporate and 
break the seal of the trap. This sometimes happens in unoccu-
pied buildings and with rarely used floor drains. Adding a special 
hose bibb (threaded faucet connection) provides a source of 
water directly above the drain as a way to manually refill the 
drain’s trap.

Although traps are necessary, they can collect debris, and 
are the first place that stoppages occur. Traps in public facilities 
must be accessible for cleaning out.

Access panels may be required for traps concealed behind 
walls or floor surfaces.

VentS and Vent StackS
The fixture vent fulfills two purposes, providing air pressure to 
push wastewater down to the sewer, and allowing sewer gases 
to rise up and out of the building. (See Figure 10.7) Every fixture 
must have a trap, and every trap must have a vent. Vent pipes 

Figure 10.5 Trap
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are added to the waste piping a short distance downstream 
from each trap to prevent the pressures that would allow dirty 
water and sewer gases to get through the traps. Vent pipes run 
upward, join together, and eventually poke through the roof.

Adding vent pipes in new locations is more difficult where the 
roof is several floors up and pipes have to pass through other 
tenants’ spaces.

The vent pipe allows air to enter the waste pipe and break 
the siphoning action. Vent pipes also release the gases of de-
composition, including methane and hydrogen sulfide, to the at-
mosphere. By introducing fresh air through the drain and sewer 
lines, air vents help reduce corrosion and slime growth.

The vent must run vertically to a point above the spillover line 
on a sink before running horizontally so that debris will not col-
lect in the vent if the drain clogs. Once the vent rises above the 
spillover line, it can run horizontally and then join up with other 
vents to form the vent stack, eventually exiting through the roof.

A vent stack is a system of vertical air vent pipes extended 
through the roof to admit air and discharge gases from the sani-
tary piping system. (See Figure 10.8) They are typically located 
in the attic of single‐family residences so that a single vent will 
penetrate the roof. Vent stacks emit noxious odors and poten-
tially hazardous gases. The vent must extend at least 6" (152 mm) 
above the roof, and higher where snow accumulates. On a roof 
that is occupied, the vent must extend around 7 feet (2 m) above 
the roof to allow for discharge of sewer gas.

More than one fixture can be served by the same vent stack, 
but the maximum length of drainpipe between the trap and the 
air vent is limited to a critical distance (the pipe’s diameter mul-
tiplied by 48). Any number of vent pipes from their respective 
fixtures can connect to a single central vent stack. There is a 
limit of 5 feet (1.5 m) for relocation of some fixtures before a 
new vent needs to be added.

aVoIdIng cRoSS‐connectIonS
A cross‐connection is a connection between supply piping 
and a source of potentially contaminated water. Most plumbing 
fixtures are designed so that the level of open water held by a 
fixture is not able to reach the level of the opening that supplies 
fresh water to fixture. This usually requires a 1" (25 mm) air gap. 
A bathroom lavatory has an overflow port that keeps the water 
below this level.

See Chapter 11, “Fixtures and Appliances,” for more information 
on lavatories, toilets, and other plumbing fixtures.

A tank‐type toilet may clog and fill to its rim, but the build-
ing’s supply water inlet is above both the rim of the bowl and 
the water level of the tank, avoiding the possibility of a cross- 
connection.

In public buildings, water closets or urinals have the supply 
pipe connected directly to the rim, creating the possibility of a 
cross-connection. A vacuum breaker must be installed in the 
supply line so that, in the event of a failure of water pressure, 
air will enter the line and destroy any siphoning action, prevent-
ing contaminated water from being sucked into the system. The 
chrome‐plated flush valve that we can see on the fixture is 
the vacuum breaker. Vacuum breakers also prevent siphoning 
at dishwashers and clothes washers, where pumps can force 
wastewater into the drain line.

FReSH aIR InletS
It is important to admit fresh air into the waste plumbing sys-
tem, to keep the atmospheric pressure normal and avoid vacu-
ums that could suck wastes back up into fixtures. A fresh air 
inlet is a short pipe that connects to the building drain just 
before it leaves the building.

Fresh air inlets relieve any potential vacuum that might suck 
all water out of a trap. They lead sewer gas pressure safely out 
of the building and bring in fresh air. A fresh air inlet provides 
better ventilation for the plumbing system than only a vent at 
the top of the vent stacks. Not all codes require a fresh air inlet.

FlooR dRaInS
Floor drains are located in areas where floors need to be washed 
down after food preparation and cooking. (See Figure 10.9) Floor 
drains carry away water from washing floors or drained from 
heating equipment. They allow floors to be washed or wiped up 
easily in shower areas, behind bars and other places where water 
may spill. They are also necessary in mechanical rooms and toilet 
rooms.

Where floor drains are provided solely for protection 
against possible basement leaks or to drain condensate from 
a cooling coil, they may be connected to the storm drain. If 
they are used to carry away waste from a plumbing fixture 
such as a clothes washer, they should be connected to the 
sanitary sewer system.

Figure 10.8 Waste stack and vent stack 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 936
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All floor drains should have a trap, and when connected to a 
sanitary sewer, the trap must be vented. The water in their trap 
seals must be preserved to prevent odors and unsanitary con-
ditions from entering the room. The trap should have a simple 
way, such as a nearby faucet or hose bibb, to add water to main-
tain its seal. Using a backflow preventer for a floor drain line that 
is located in a basement or similar low point is recommended.

SeWage ejectoR PumPS and SumPS
Sewage ejector pumps are used where fixtures are below the 
level of the sewer. Drainage from the below‐grade fixture flows 

by gravity into a sump pit or other receptacle and is lifted up 
into the sewer by the pump.

It is best to avoid locating fixtures below sewer level where 
possible because if the power fails, the equipment shuts down 
and the sanitary drains do not work. Sewage ejector pumps 
should be used only as a last resort.

Adding waste drain lines for a basement bathroom may make 
it difficult to achieve the required ¼" (6 mm) slope to the sewer 
line. It may be necessary to cut through a concrete slab to add 
or move pipes below grade.

A sump is a tank used to drain groundwater or storm water 
from basements too deep for gravity draining. Sewage sumps 
are required whenever drainage, fixtures, or other equipment is 
installed below the level of public sewers.

Basements may flood due to poor foundation waterproof-
ing, a faulty perimeter drainage system, exceptionally high 
amounts of rainfall, or a broken water pipe. A sump pump sup-
plies the power to pump out water. An electric pump should 
have a backup system for electrical outages in storms.

InteRcePtoRS
Interceptors (sometimes called traps) are intended to block 
undesirable materials before they get into the waste plumbing. 
They must be readily accessible for periodic servicing.

Among many types of interceptors are ones designed to 
catch grease, plaster, lubricating oil, glass grindings, and indus-
trial materials. Hair salons and barbershops use interceptors to 
catch hair. Interceptors are also used in hospitals and clinics.

Grease traps are often required by code in restaurant kitch-
ens and other locations. (See Figure 10.10) Grease rises to the 
top of the trap, where it is caught in baffles, preventing it from 

Figure 10.9 Floor drain

Figure 10.10 Grease trap 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 943
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congealing in piping and slowing down the digestion of sewage. 
Grease is removed through a top cover or drawn of with a valve. 
Grease traps are often located on a floor adjacent to or below a 
sink, or recessed in a pit.

cleanoutS
All parts of the sanitary piping system from plumbing fix-
tures to the end of the disposal process should be accessible 
through cleanouts or other points of access. Cleanouts are 
distributed throughout the sanitary system between fixtures 
and the outside sewer connection. They are located a maxi-
mum of 50 feet (15.2 m) apart in branch lines and building 
drains up to 4" (102 mm). On larger lines, they are located 
a maximum of 100 feet (30.5 meters) apart. Cleanouts are 
also required at the base of each stack, at every change of 
direction greater than 45 degrees, and at the point where the 
building drain leaves the building.

The interior designer should be aware that wherever a cleanout 
is located, there must be access for maintenance and room to 
work.

Residential Waste Piping
It is common to arrange bathrooms and kitchens back‐to‐back. 
(See Figure 10.11) The piping assembly can then pick up the 
drainage of fixtures on both sides of the wall.

The plumbing wall behind fixtures should be deep enough 
to accommodate branch lines, fixture run‐outs, and air cham-
bers. The waste piping for a wood or steel frame residence 
usually fits into a 6" (152 mm) or 8" (203 mm) partition. The 
piping assembly for a small building typically consists of a 4" 
(102 mm) soil stack and building drain. The water closet must 
have a 2" (51 mm) vent.

On bathroom and kitchen remodeling projects, changes may be 
required to meet current codes.

Fitting both the supply and waste plumbing distribution 
trees into the space below the floor or between walls may be dif-
ficult, as larger wastes pipes must slope continually down from 
the fixture to the sewer. Sometimes an extra‐wide wall serves 
as a vertical plumbing chase between walls for plumbing pipes. 
Plumbing that is adjacent to a jog in a wall can be enclosed and 
finished to hide its presence.

ISland SInkS
When a sink is located in an island, as in some kitchen designs, 
there is no place for the vent line to go up. Instead a waste line 
is run to a sump at another location, which is then provided with 
a trap and vent. There are various approaches to venting an is-
land sink, but be sure to check local codes as some approaches 
are not allowed in certain jurisdictions. (See Figure 10.12)

large Building Waste Piping
In larger buildings, the need for flexibility in space use and the desire 
to avoid a random partition layout means that plumbing fixtures and 
pipes must be carefully planned early in the design process. The 
location of the building service core with its elevators, stairs, and 
shafts for plumbing, mechanical, and electrical equipment affects 
the layout of surrounding areas and their access to daylight and 
views. In high‐rise building service cores, plumbing cores grouping 
fixtures together provide greater flexibility in space planning.

Service cores are introduced in Chapter 4, “Building Forms, 
Structures, and Elements.”

PIPe cHaSeS
Larger drain piping in large buildings requires the construc-
tion of a pipe chase, consisting of a double wall with space for 
plumbing between its layers. A pipe chase is typically required 
to accommodate all the necessary piping if more than 2 or 3 fix-
tures are installed. The minimum width for a pipe chase is about 
8" (203 mm). Wall‐hung fixtures require chases 18" to 24" (467 
to 610 mm) thick. Some pipe chases are made wide enough to 
accommodate a worker doing repairs. Pipe chases often have 
holes in the floor for vertical pipes.

Figure 10.12 Island sink 
Source: Redrawn from David Lee Smith, Environmental Issues for 
Architecture, Wiley 2011, page 465
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HoRIzontal WaSte PIPIng
Where waste piping drops through the floor and crosses be-
low the floor slab to join the branch soil and waste stack, it 
can be shielded from view by a suspended ceiling. Tubing to 
accommodate piping has been developed that sits above the 
structural slab. Casting a lightweight concrete fill over it solves 
the visibility problem, but raises the floor 5" to 6" (127 to 152 
mm). Raising the floor only in the toilet room creates access 
problems, so the entire floor may be raised. This creates space 
for electrical conduit and underfloor air distribution as well, but 
requires considerable planning.

Wet columnS
When offices need a single lavatory or complete toilet room 
away from the central core, pipes can be run horizontally from 
the core. In order to preserve the slope for waste piping, the 
farther the toilet room is located from the core, the greater 
amount of vertical space is taken up by the plumbing.

Integrating piping risers for smaller groupings or for isolated 
fixtures within the enclosure of structural columns creates a wet 
column. (See Figure 10.13) Wet columns group plumbing pipes 
away from plumbing cores to serve sinks, private toilets, and 
other fixtures, and provide an alternative to long horizontal waste 

piping runs. Locating a wet column at a structural column re-
quires coordination with the structural design early in the design 
process. Individual tenants can tap into these lines without having 
to connect to more remote plumbing at the core of the building.

When laying out toilet rooms, the designer should consider how 
the plumbing reaches the fixtures.

tReatIng and RecyclIng 
WaSteWateR
Fruits, vegetables, grains, milk products, and meats derived 
from nutrients in the soil are brought into cities, to be later 
flushed out as sewage. Most cities and towns send their sew-
age to treatment plants, where the solid matter (sludge) settles 
out. The remaining liquid is chlorinated to kill bacteria and then 
dumped into a local waterway.

The sludge is pumped into a treatment tank, where it fer-
ments anaerobically (without oxygen) for several weeks. This 
kills most of the disease‐causing bacteria and precipitates out 
most minerals. The digested sludge is then chlorinated and 
pumped into the local waterway.

Waterways are unable to finish the natural cycle by returning 
the nutrients back to the soil, and end up with increasing amounts 
of nutrients that promote the fast growth of waterweeds and  
algae. Eventually plants choke the water and die and decay. Over 
a few decades, the waterway may become a swamp and then a 
meadow.

Meanwhile, farmland is gradually drained of nutrients. Farm 
productivity falls, and the quality of produce declines. Artificial 
fertilizers are applied to replace the wasted natural fertilizers.

Designers can step into this process when they make deci-
sions about how wastes will be generated and handled by the 
buildings they design. Sewage treatment is expensive for the 
community, and becomes a critical issue for building owners 
where private or on‐site sewage treatment is required.

Sewage disposal systems are designed by sanitary engi-
neers and must be approved and inspected by the health de-
partment before use. The type and size of private sewage treat-
ment systems depends on the number of fixtures served and 
the permeability of the soil as determined by a percolation test. 
Rural building sites are often rejected for lack of suitable sew-
age disposal.

Water treatment systems range from ones that serve indi-
vidual residences to ones covering whole regions. Techniques 
include sand filters with settling basins, aeration, chemical pre-
cipitation, chlorine gas, and special filters.

Recycled Water
Water is categorized by its purity. Water grades include po-
table water, graywater, dark graywater, and blackwater. (See 
Table 10.1)
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Figure 10.13 Wet column



172    |    WATER AND WASTE SYSTEMS

Nonpotable rainwater or recycled water must be kept com-
pletely separate from the normal potable water supply. It may 
be possible to use a dual wastewater system that separates 
graywater from blackwater sources, allowing water recycling 
within a building.

gRayWateR RecyclIng
The 2015 International Plumbing Code (IPC) allows graywater from 
approved sources that has been disinfected and treated by an 
approved on‐site water reuse treatment system to be used for 
toilet flushing. Graywater regulations vary from state to state in 
the United States.

2015 International Residential Code (IRC) details design of 
graywater recycling systems in section on Sanitary Drainage. The 
IRC allows systems to collect discharge from tubs, showers, lava-
tories, clothes washers, and laundry trays for a graywater system. 
The water can then be used for flushing toilets or urinals or for 
landscape irrigation. Some local codes now require new residential 
construction to include connections for graywater plumbing.

Graywater systems were originally developed for single‐fam-
ily homes, and are now also used in apartment buildings, dor-
mitories, hotels, and other buildings with many showers, baths, 
and clothes washers. Implementing a graywater system requires 
designing and sizing the system, installing additional plumbing 
pipes, and providing a collection reservoir or storage tank.

Graywater systems may use pipes as small as 1" (25 mm) in 
diameter under pressure. The system pipes the water to a short‐
term storage tank (dosing basin). It is then pumped out in batches 
to subsurface irrigation or a disposal field. The storage tank must 
be emptied at least once a day to prevent odors, as anaerobic 
bacteria take over from aerobic as the oxygen supply is depleted.

A simpler system uses lavatory water to flush an adjacent 
water closet. The lavatory can be part of the water closet to fit 
into a tight space. A small hand‐washing tank is located directly 
over the toilet tank, allowing water to flow to the toilet tank for 
the next flush.

Installation of a graywater system requires careful planning ear-
ly in the process. Check codes and permit requirements. Expert 
advice may be needed.

Rural Sewage treatment
In times past, rural wastes ended up in a cesspool that allowed 
sewage to seep into the surrounding soil. Cesspools did not 
remove disease‐causing organisms. Within a short time, the 
surrounding soil became clogged with solids, and the sewage 
overflowed onto the surface of the ground and backed up into 
fixtures inside the building.

Private water supply systems usually need to make private 
arrangements to dispose of sewage without polluting the water 
source. One of the most common reasons for rejection of a 
potential rural building site is its lack of suitability for sewage 
disposal.

SePtIc SyStemS
In 2007, septic systems were used by about 20 percent of all 
homes in the United States. A typical septic system consists 
of a septic tank, a distribution box, and a leach field of perfo-
rated drainpipes buried in shallow, gravel‐filled trenches. The 
building drain is connected to the septic tank via the sewer 
line. Waste and soil flow by gravity from the building into the 
septic tank.

Primary sewage treatment for individual on‐site build-
ing sewage treatment most commonly takes place in the sep-
tic tank. The secondary sewage treatment phase typically 
consists of a filtration system comprising seepage pits, drain 
fields, mounds, and/or sand filters. Occasionally tertiary treat-
ment such as disinfection with chlorine is required, for example, 
when outflows from secondary treatment will flow directly into 
surface waterways.

The septic tank should be located lower than the building 
sewer in an area sloping away from the building. The disposal 
field must be located under a clear, grassy, sunny surface; tree 
roots tend to clog the drainfield. The entire system must be 
separated from water supply pipes and wells to avoid cross‐
contamination.

Most septic tanks are nonporous concrete tanks, although 
some are made of fiberglass or plastic. (See Figure 10.14) The 
tank consists of a watertight container, usually with two com-
partments, which is set into the ground and covered with about 
12" (305 mm) of earth. Baffles prevent the sewage from passing 
quickly from inflow to outflow, giving more time for processing.  

TaBle 10.1 WaTer GraDeS In BUIlDInGS
Grade Description Uses

Potable water Water suitable for drinking; usually has been treated Most household uses, including flushing toilets

Rainwater Pure water distilled by hydrologic process; runoff from roofs 
may contain contaminants; little or no treatment required

Bathing, laundry, toilet flushing, irrigation, 
evaporative cooling

Graywater Wastewater from sinks, baths, showers; not from toilets or 
urinals; likely contains soap, hair, human waste from soiled 
clothes, grease and food from kitchen wastes

Treatment required for reuse to flush toilets. 
Filtering required for drip irrigation

Dark graywater From kitchen sinks, dishwashers, washing diapers Usually prohibited from reuse

Blackwater Water containing toilet or urinal waste Requires high level treatment
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A tank with a capacity of 1000 to 1500 gallons can serve a family 
of four.

The interior designer should check the capacity of the septic tank if 
installing a whirlpool bath, full body‐spray shower, or other high‐wa-
ter‐use fixtures. A larger or additional septic tank may be needed.

If the building and its occupants practice water conserva-
tion, less water and wastes flow through the septic tank, the 
effluent stays in the tank longer before being flushed out, and 
emerges cleaner.

The septic tank is intended to hold sewage for a minimum of 
30 hours while the sewage decomposes anaerobically, a process 
that produces methane gas and odor. From the septic tank, the 
effluent flows to a drainfield (variously called disposal, leach-
ing, or absorption fields or beds) for secondary treatment. The 
drainfield has 4" (102 mm) diameter perforated pipes that allow 
the effluent to seep into the ground. The effluent in a drainfield 

becomes oxidized, allowing aerobic bacteria that require oxygen 
to complete waste decomposition and render it harmless.

A septic system has limited capacity and a limited lifetime. It 
requires regular maintenance and care in use. Most communities 
have strict regulations requiring soil testing and construction and 
design techniques for installing septic tanks. As indicated earlier, 
it is not uncommon for a potential building site to be incapable of 
accommodating a septic system, making the site unsuitable for 
construction or expansion of a building. New devices are intro-
duced each year for coping with the problem. Increasingly, build-
ings separate discarded wash water from toilet wastes.

Nothing that can kill bacteria should ever be flushed down 
the drain into a septic system. Some systems include a grease 
trap in the line between the house and the septic tank, which 
should be cleaned out twice a year.

Trained professionals must clean the tank at regular inter-
vals. Most tanks are cleaned every two to four years. Septic 
tanks should last around 50 years. Most septic systems eventu-
ally fail, usually in the secondary treatment phase.

aeRoBIc tReatment unItS
An aerobic treatment unit (aTU) is essentially a small sew-
age treatment plant that may be used to replace septic tanks 
in troubled systems. By rejuvenating existing drainfields, they 
can extend the system’s life. Air is bubbled through the sew-
age, facilitating aerobic digestion. After about one day, the ef-
fluent moves to the settling chamber where the remaining solids 
settle and are filtered out. Because aerobic digestion is faster 
than anaerobic digestion, the tank can be smaller. However, the 
process is energy intensive and requires more maintenance. 
The refined effluent is less polluted than that from a septic tank 
and can be returned to the natural water flow.

Other on‐site treatment systems include constructed wet-
lands, greenhouse ecosystems, and lagoons. (See Table 10.2) 

Figure 10.14 Septic tank 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 11.29
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TaBle 10.2 OTher On‐SITe WaTer TreaTMenT SySTeMS
System Type Description

Constructed wetlands Break down organic waste and produce nutrients that benefit species doing the work. Can remove 
organic nutrients and inorganic substances. Can accommodate storm surges and treat the 
contaminated runoff.

Free‐surface (open) wetlands are lined shallow open basins or channels. Soil supports wetlands 
vegetation; plants are nourished by flow of effluent from the primary treatment system. Must be 
designed to avoid human contact with treated effluent and problems with mosquitoes and other insects.

Subsurface flow wetlands have a layer of soil covering a gravel bed. Conditions encourage growth 
of aerobic and anerobic microbes and some invertebrates. Reclaimed water is safe for landscape 
watering, creek habitat restoration, or recharging aquifer. Safer for human contact, also attract birds.

Greenhouse 
ecosystems

Secondary sewage treatment systems are constructed wetlands moved indoors. Consist of series 
of tanks, each with its own ecosystem; first a stream, second an indoor marsh. Bacteria, algae, 
snails, and goldfish help the process. Enclosed system depends on solar energy for photosynthesis 
and on gravity flow. No final chlorine treatment. System produces about one‐quarter the sludge of 
conventional systems. Pleasant to look at, smell like commercial greenhouses.

Lagoons Type of secondary treatment for multiple buildings. Require sun, wind, and substantial land area, but 
simple to maintain, use very little energy.
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conStRuctIon RecyclIng
As interior designers, we can work with contractors to ensure 
that the materials removed during renovation and the waste 
generated by construction has a second life. Interior design-
ers can prolong the life of interior spaces by designing flexible 
spaces that accommodate change.

LEED v4 has requirements for construction and demolition 
waste management planning. They require establishing waste 
diversion goals for the project and specifying whether mate-
rials will be separated or commingled, and how they will be 
processed.

demolItIon RecyclIng
Designers should anticipate the eventual demolition and removal 
requirements of materials that they specify. Design for disas-
sembly is a deliberate design effort to maximize the potential for 
disassembly rather than demolition, to recover components for 
reuse and materials for recycling, and to reduce long‐term waste 
generation. Design for disassembly should be an overall building 
strategy.

Interior designers should select materials that have value for 
future reuse or recycling.

Demolition by hand salvage produces useful building com-
ponents and even some architectural gems. Architectural sal-
vage warehouses are a goldmine for interior designers. When 
checking out a building for a renovation project, consider which 
elements can be reused in your design or salvaged for another 
project.

deSIgnIng FoR RecyclIng
Convenience has been shown to be a motivating factor for 
recycling behavior. The kitchen is often a central location for 
dropping off trash and recyclables from adjacent rooms. Much 
of the food waste is compostable. Packaging may need to be 
separated by material for recycling. The majority of paper prod-
ucts can be recycled, while some (napkins, paper towels) can 
be composted.

Communities vary in their recycling practices. Some allow 
commingled recyclables, while others require separation. En-
ergy is saved by keeping solid wastes as separate as possible. 
However, this requires more effort by consumers. Multiple con-
tainers for sorting also take up more space.

Small Building Solid Waste collection
Recycling requires temporary storage space. Community re-
quirements change over time, so flexibility is important. The 
space should be well ventilated, dry, and easy to clean. An in-
door space is easier to access regardless of the weather. Con-
tainers should be easy to remove, durable, and washable. A 
nearby sink is handy for cleaning.

On‐site wastewater treatment has a significant impact on the 
design of the building’s site. Interiors are also affected, as the 
system may use special types of plumbing fixtures and may 
include indoor greenhouse filtration systems. (See Figure 10.15)

centralized Sewage treatment Systems
Larger scale sewage treatment plants use aerobic digestion 
plus chemical treatment and filtration, and can produce effluent 
suitable for drinking. Clean effluent is pumped into the ground to 
replenish depleted groundwater. Digested sludge may be dried, 
bagged, and sold for fertilizer. Some plants spray processed 
sewage directly on forests or cropland for irrigation or fertilizer. 
Many municipal sewage treatment plants are now using aerobic 
digestion and chemical treatment and filtration, producing efflu-
ent that is sometimes clean enough to drink.

SolId WaSte SyStemS
According to the EPA, each person in the United States gener-
ated 250 million tons of trash in 2011. Less than 35 percent of 
this was recycled or composted. Many cities in the United States 
have run out of landfill space, so wastes are taken to large incin-
eration plants and burned, reducing the amount that needs to be 
buried. Incineration plants must be designed carefully to avoid 
air pollution.

The design of a building distribution system to bring sup-
plies in and solid waste out requires careful planning. Mechani-
cal equipment for solid waste systems can take up more space 
than is required for water and waste systems. In addition, han-
dling of solid wastes may present fire safety dangers and could 
create environmental problems.

As part of the building design team, interior designers are 
responsible for making sure that the solid wastes generated 
during construction and building operation are handled, stored, 
and removed in a safe, efficient, and environmentally sound way. 
Whether we are designing a place for office recycling or making 
sure that furniture is reused rather than discarded, we can have a 
significant impact on how the building affects the larger environ-
ment. Many waste substances contain useful energy, and separa-
tion and recycling of mingled refuse is becoming a routine task.

Recycling
It is best to reduce, then reuse, recycle, and regenerate. This ap-
plies to the construction, operation, and demolition of the building.

Figure 10.15 Greenhouse ecosystem
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for ferrous metals and box cardboard. Used indiscriminately, 
trash compactors crush dissimilar items together. They are 
probably not worth the space they take up for single‐family 
households that recycle.

comPoStIng
Composting is a controlled process of decomposition of or-
ganic material. Naturally occurring soil organisms recycle plant 
nutrients as they break down the material into humus. The pro-
cess is complete when dark brown, powdery humus has been 
produced. Its rich, earthy aroma indicates that the finished com-
post is full of nutrients essential for the healthy growth of plants.

Compost happens as long as there is air and water to sup-
port it. Self‐contained composting containers are available com-
mercially. When a compost pile is frequently turned and is quite 
warm, damp, and well‐aired, its odor is minimal.

A food scrap collection container should be conveniently 
placed in the kitchen to collect each day’s compostables. It will 
need a tight lid and be non‐absorbent and easy to clean.

large Building Solid Waste collection
Large apartment complexes fence in their garbage can areas to 
keep out dogs and other pests. This area can be a good place 
for bins for recycling, and even a compost pile for landscaping. 
The solid waste storage area needs garbage truck access and 
noise control, and should be located with concern for wind di-
rection to control odors.

Both the building’s occupants and the custodial staff must 
understand and cooperate with the process for successful 
recycling in a large building. Office building operations gener-
ate large quantities of recyclable paper and box cardboard, 
along with nonrecyclable but burnable trash, including floor 
sweepings. Offices also produce food scraps (including coffee 
grounds) and metals and glass from food containers.

The collection process for recycling in larger buildings has 
three stages. Waste generation and separation by employees 
involves depositing paper, recyclables, and compostables in 
bins near desks, in the lunchroom, and in the copy room. Next, 
custodians dump the separate bins in a collection cart. The 
separated waste is deposited in a storage closet with a service 
sink for bin washing. Finally, paper is shredded and stored for 
recycling, and recyclable materials are collected by recycling 
trucks at the ground floor service entrance. Compostable mate-
rials are stored or sent to a roof garden compost pile.

The storage area should be supplied with cool, dry, fresh air. 
Compactors and shredders are noisy and generate heat, and must 
be vibration‐isolated from the floor. A sprinkler fire protection sys-
tem may be required, and a disinfecting spray may be necessary. 
Access to a floor drain and water for washing is a good idea.

Interior designers who understand water supply and conser-
vation, wastewater treatment options, and solid waste recycling 
are well prepared to design sustainable interiors. Chapter 11 
looks at how interior designers contribute to the selection, in-
stallation, and use of plumbing fixtures and appliances.

Most of the waste in a home comes from the kitchen. Find-
ing recycling space within a pantry, airlock entry, or a cabinet 
or closet that opens to the outside makes daily contributions 
easier, facilitates weekly removal, and simplifies cleaning. A re-
cycling center location between the primary food preparation 
area and the exit to wherever the trash bins are kept (garage, 
outdoors) is ideal. Using a smaller bin inside for transfer to a 
larger bin near the trash may work well.

Kitchens are often hot and humid, and storage for solid 
wastes needs to be cool, dry, and well ventilated. Ideally, a recy-
cling storage space would open to the kitchen on one side and 
to the outdoors on the other. (See Figure 10.16)

gaRBage dISPoSeRS and tRaSH 
comPactoRS
In‐sink garbage disposer units are popular in the United States, 
where many people consider them convenient and sanitary, but 
not in the rest of the world. They use from 2 to 4 gallons (7.5 to 15 
L) of water per minute plus electrical energy, and create organic 
sludge that puts an added burden on the septic tank or sewage 
system. The majority of what goes down the disposal could be 
composted instead, providing a source of nutritious soil for other 
growing things.

Check the septic system for adequate capacity before adding 
a garbage disposer. The added water and waste may require a 
larger tank. Some communities do not allow garbage disposers.

Trash compactors may reduce the storage space required 
for small businesses with large quantities of bulky waste. They 
can be used selectively to compact aluminum for recycling, and 

Figure 10.16 residential solid waste storage
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11
Fixtures and Appliances 

Some parts of buildings, such as sinks, bathtubs, cooking rang-
es, and dishwashers, were considered separate items in the 
past. They are now less portable and more commonly viewed 
as fixed parts of the building.

IntroductIon
Fixtures and appliances are integrated into plumbing, electrical, 
and HVAC systems. Their design has significant implications 
for acoustical privacy and indoor air quality. Bath and kitchen 
spaces are particularly involved.

Fixture spacing and clearances are important for safe 
and comfortable movement within a bathroom space…. 
The layout of bathrooms and other restroom facilities 
should also take into account the space for and locations 
of accessories such as towel bars, mirrors, and medicine 
cabinets [as well as the] number of plumbing walls 
required and the location of stacks, vents, and horizontal 
runs. (Francis D.K. Ching, Building Construction Illustrated 
[5th ed.], Wiley 2014, page 9.26)

Selection of plumbing fixtures is usually a joint decision of 
the client, architect, mechanical engineer, and interior designer. 
The work of interior designers requires an understanding of 
plumbing requirements and universal design issues.

History of Bathrooms
Indoor bathrooms were not common in homes until around 1875, 
but their history goes back thousands of years. Around 1700 bce, 
Minoan buildings at Knossos, Crete, included bathrooms with 
water supplied through clay pipes, and toilets comprising bench 

seating with openings over a drainage channel. Water was poured 
into the channel to carry away waste to a sewer.

Privies in Medieval European castles used small stone 
chambers (closets) with toilet seats. The closets projected from 
the tops of walls, designed to drop excrement to the base of the 
wall or the moat.

Hygiene has been a religious imperative for Hindus since 
around 3000 bc, when many homes in India had private bath-
room facilities. At Mohenjo‐daro in today’s Pakistan, the Great 
Bath was designed to hold water, perhaps for ritual bathing or 
religious ceremonies.

In the Minoan palace at Knossos on Crete, the Queen’s 
Room held washing basins and a painted terracotta bathtub. 
The Minoans also had the first known flushing toilet, screened 
off with partitions and flushed with rainwater or water carried 
from a cistern through conduits built into the wall.

In Western Europe from medieval times on, wastes from 
chamber pots were supposed to be collected early in the morn-
ing by night soil men, who carted them to large public cess-
pools, but many people avoided the cost of this service by 
throwing waste into the streets.

By the seventeenth century, plumbing technology reap-
peared in parts of Europe, but indoor bathrooms did not. When 
Versailles was constructed in France, it included a system of 
cascading outdoor water fountains, but did not include plumb-
ing for toilets and bathrooms for the royal family, 1000 nobles, 
and 4000 attendants who lived there.

Britain in the eighteenth century had no residential or public 
sanitation. Cholera decimated London in the 1830s, and offi-
cials began a campaign for sanitation in homes, workplaces, 
public streets, and parks. Throughout the rest of the nineteenth 
century, British engineers led the western world in public and 
private plumbing innovations.
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Before the installation of indoor toilets, the options included 
outhouses (cold in winter, smelly in summer) and chamber pots 
(indiscrete). Chamber pots in bedrooms were sometimes en-
closed in “night tables” or “end stools” that hid their function 
under a lid. (See Figure 11.1)

PlumBIng FIxtures
Water closets, showers, and bathroom faucets use almost 
three‐quarters of the water consumed in a typical home. All 
plumbing fixtures are supplied with clean water and discharge 
contaminated fluids. (See Figure 11.2)

WaterSense® plumbing fixtures are independently tested 
and certified in a partnership between EPA and manufac-
turers, retailers, and distributors, and utilities to provide 
water‐efficient products. Most products available are resi-
dential bathroom fixtures, including toilets, lavatory faucets 
and aerators, and showerheads. In general, products meet-
ing WaterSense standards are 20 percent more efficient than 
comparable products.

general code requirements
The 2015 International Plumbing Code (IPC) specifies the 
number of required plumbing fixtures for a building. (See 
Tables 11.1 and 11.2) It also specifies code‐approved 
materials and installation requirements. Equipment effi -
ciencies are required to be in accordance with the Inter-
national Energy Conservation Code. The IPC requires that 
plumbing fixtures be constructed of approved materials, 
with smooth, imperious surfaces, free from defects, and 
concealed fouling surfaces.

The IPC does not apply to single‐family residences, but it 
is advisable to follow requirements for minimum clearances 
between plumbing fixtures. The International Residential Code 
(IRC) has the same requirements for fixture materials as the IPC. 
There are requirements for showers, lavatories, water closets, 
bidets, bathtubs and whirlpool baths, sinks, laundry tubs, food 
disposers, dishwashers, and clothes washers.

Remodeling an older bathroom may require upgrades to com-
ply with safety and health codes, such as the use of a vent fan 
or operable window, safety glass in certain locations, or scald 
prevention shower control valves.

Figure 11.1 Victorian commodes

Figure 11.2 Water fixture plumbing 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 11.24
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AccessIBIlIty codes, lAws, And 
stAndArds
The 2010 ADA Standards for Accessible Design cover plumb-
ing elements and facilities in new construction and alterations. 
There are many topics covered, including toilet and bathing 
rooms and compartments, urinals, lavatories and sinks, bath-
tubs, showers, washing machines and clothes dryers, saunas 
and steam rooms, and drinking fountains.

Fair Housing Act Accessibility Guidelines provide technical 
guidance for compliance with accessibility requirements of the 
Fair Housing Amendments Act of 1988. They cover newly con-
structed multifamily buildings (minimum 4 dwellings) for occu-
pancy on/after March 13, 1991.

The International Building Code (IBC) references the ICC/
ANSI A117.1‐2009 Accessible and Usable Buildings and Facili-
ties, a nationally recognized standard of technical requirements 
for compliance with accessibility requirements of the IBC and 
other state and local codes.

The ADA does not apply to private residences, but many 
designers incorporate the principles of universal design to ac-
commodate present or future needs of their clients. Structural 
reinforcement for future grab bars and wall‐mounted water clos-
ets may be required, and are a good idea anyway.

Bathroom Fixtures
Plumbing fixtures must be made of nonporous material. Enameled 
cast iron, vitreous china, stainless steel, copper, and brass are 

commonly used. Plumbing fixtures typically have rounded interior 
corners and are smooth, hard, and capable of years of rugged use.

High water demand fixtures such as large tubs and multiple‐
head showers sometimes exceed available hot water supply, 
volume, or pressure.

Bathroom fixtures should be located with space for easy 
cleaning around and within the fixture and access for repair and 
part replacement. Access panels may be required behind tubs, 
showers, and lavatories in the walls of rooms they serve. Trench-
es with access plates may be required for access to pipes in 
concrete floors.

In existing buildings with older types of plumbing, it is 
necessary to evaluate how existing plumbing affects plans to 
change fixtures and whether new fixtures will fit in old loca-
tions. Installing a toilet in a redesigned bathroom may require 
changes to framing in the floor so that the waste pipe can be 
installed between joists. If existing vent stacks and drains 
cannot be used, it may be expensive to move fixtures. It is 
easier to reposition fixtures along a wall where flexible plumb-
ing supply lines are permitted.

Remember that it will be necessary to reposition the drain 
as well. For renovation work, select new fixtures with the same 
drain location where possible. For example, showers come with 
the drain opening at the center or at a side.

Table 11.1 MiniMuM nuMber oF SelecTed aSSeMbly PluMbing FaciliTieS

occupancy

Water closets (1 per)

lavatories (1 per) drinking Fountains (1 per) othersMen Women

Theaters 125 65 200 500 1 service sink

Nightclubs 40 40 75 500

Restaurants 75 75 200 500

Halls, museums 125 65 200 500

Churches 150 75 200 1000

Table 11.2 MiniMuM nuMber oF SelecTed reSidenTial PluMbing FaciliTieS
occupancy Water closet lavatory bathtub, Shower others

Hotels, motels 1 per sleeping unit 1 per sleeping unit 1 per sleeping unit 1 service sink

Apartment house 1 per dwelling unit 1 per dwelling unit 1 per dwelling unit 1 kitchen sink per dwelling 
unit, 1 clothes washer 
connection per 20 dwelling 
units

1‐ and 2‐family dwellings: 
per dwelling unit

1 per dwelling unit 1 per dwelling unit 1 per dwelling unit 1 kitchen sink per dwelling 
unit, 1 clothes washer 
connection per 20 dwelling 
units
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When renovating a bathroom, you may need to deal with mold 
inside the floor area where water has been trapped.

water closets
As indicated in Chapter 10, what most of us call a toilet is techni-
cally called a water closet (WC). Toilets are not usually designed 
to facilitate proper washing while eliminating. A toilet seat that 
provides a cleansing spray is available from several manufac-
turers for use on existing toilets. Toilets are available without a 
separate toilet seat, with a warmer for the seat, and with warm 
water within the toilet for washing. A urinal is a bowl or other 
receptacle usually attached to a wall in a public toilet, into which 
men may urinate. a bidet is a low oval basin used for washing 
the genital and anal area. Bidets are popular in many parts of 
the world, but are less often used in the United States.

The dimensions of water closets vary, and include compact, 
accessible, and children’s models as well as standard designs. 
(See Table 11.3) The best height for a person transferring from 
a wheelchair is one matching the wheelchair; heights vary, but 
average about 18" (457 mm).

Each water closet or urinal should be provided with a means 
to ensure privacy. Exceptions include single‐occupant toilet 
rooms, as well as daycare and childcare facilities. Privacy parti-
tions for both toilets and urinals should cover from a maximum 
of 12" (305 mm) above the floor to a minimum height of 5 feet 
(1.5 m).

A direct view into a public toilet room should be cut off by an 
entry vestibule or by the door swing. This is also preferred, but 
not as critical, for single‐occupancy facilities.

HIstory oF Indoor toIlets
In 1596, Queen Elizabeth had an indoor toilet installed by Sir 
John Harrington. As Harrington’s toilet was connected directly 
to the cesspool, with only a loose trapdoor in between, the 
queen complained about cesspool odors.

In 1775, Alexander Cummings patented the first effec-
tive WC with a controlled water supply. The design included a 
standing water trap in the sewer pipe, plus standing water in 

the bowl, along with a vent tube. A backward curve in the soil 
pipe directly underneath the toilet bowl retained water and cut 
off the smell from below. Because the valve opened after use 
to let the water flow out, it became contaminated relatively 
quickly.

In 1900, George (J.G.) Jennings invented the basic WC de-
sign still used today. It relies on a water trap to seal the pipe 
and maintain the water level in the bowl, and siphoning action to 
extract water and waste from the bowl.

Thomas Crapper developed the flushing mechanism that is 
essentially the one still used today. His Water Waste Preventer 
controlled the water supply to flush the tank while filling the 
drained closet bowl. The release of accumulated water from the 
tank into the closet began the siphoning action.

Toilet bowls could never be leak‐proof and free of contami-
nation until all the metal and moving parts were eliminated. In 
1885, English potter Thomas Twyford succeeded in building the 
first one‐piece earthenware toilet that stood on its own pedes-
tal base. Today, water closets, urinals, and bidets are made of 
vitreous china.

Indoor plumbing resulted in the use of washout (washdown) 
water closets that used a lot of water. Water was collected from 
rain or pumped up from below to a water supply in the attic, 
then flowed down to the home’s bathroom on the second floor. 
The indoor toilet did not become a common fixture in North 
American homes until the early twentieth century.

wAter closet code requIrements
The 2015 IPC requires that water closet bowls for public or em-
ployee toilet facilities be of the elongated type. Seats provided 
for public or employee toilet facilities are required to be the 
hinged open‐front type.

The Energy Policy Act that went into effect in 1994 mandates 
the use of low flow toilets in new construction and remodeling. It 
made 1.6 gallons (6 L) per flush a mandatory federal maximum 
for new toilets. Some states or local jurisdictions may have ad-
opted even lower requirements.

Codes set specific clearances on each side and in front 
of the toilet bowl. A minimum of 30" (762 mm) clear space in 
front of the toilet is recommended, with more for larger persons 

Table 11.3 WaTer cloSeT, urinal, and bideT diMenSionS
Fixture Width (mm) depth (mm) Height (mm)

Water closet Standard 20’ to 24" (510 to 
610)

Round front bowl 27" (686) 
average

Standard 14" to 19" (356 to 483) to 
seat; around 30" (762) with tank

Compact 22" (559) Compact toilet 26" (660)

Accessible around 20" (510) Elongated bowl around 29" (737) Accessible bowl height 17" to 19" 
(432 to 483)

Urinal 18" (455) 12" to 24" (305 to 610) 24" (610) rim height

Bidet 14" (355) 30" (760) 14" (355)
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or people who need personal assistance. The International 
Residential Code (IRC) allows a minimum of 21" (533 mm) front 
clearance, which makes room for a person’s legs but not enough 
to manage clothing. For a side wheelchair approach and trans-
fer, at least 30" (762 mm) is required to the side of the toilet. 
Wall‐hung toilets offer better clear floor space for maneuvering 
and maintenance.

A wheelchair can negotiate a 90‐degree turn in a 36" (914 
mm) corridor, but requires 60" (1524 mm) to completely pivot 
around. The ADA requires wheelchair accessible toilet compart-
ments to be 60" (1525 mm) wide minimum measured perpendic-
ular to the side wall, and 56" (1420 mm) deep minimum for wall 
hung water closets, and 59" (1500 mm) deep minimum for floor 
mounted water closets measured perpendicular to the rear wall. 
(See Figure 11.3) The ADA does not allow toilet compartment 
doors to swing into the minimum required compartment area. 
There are requirements for approach and toe clearances as 
well. There are also requirements for children’s use.

An ambulatory accessible toilet is designed for some-
one who can walk with some support; it is not intended as a re-
placement for a wheelchair accessible toilet. (See Figure 11.4) 
The ADA allows ambulatory accessible toilet compartments to 
be a minimum of 60" (1525 mm) deep and between 35" and 37" 
(890 and 940 mm) wide. Both side walls must have grab bars.

grAB BArs
Standard towel bars are not strong enough to hold a falling per-
son, and the hardware holding them to the wall is even less 
strong. Grab bars should be installed with blocking to be able to 
support 250 pounds (11.34 kg).

The ADA sets requirements for grab bars at water closets. 
Requirements include cross section dimensions, position, location, 
and coordination with toilet paper dispensers. (See Figure 11.5)

The ADA does not require grab bars in a residence. How-
ever, reinforcement around the toilet area for grab bar instal-
lation allows bars to be placed according to the user’s needs, 
including their method of transfer. Recommended placement 
for residential grab bars is on the rear and side wall closest to 
the toilet. The side grab bar should be a minimum of 42" (1067 
mm) long, running from 12" to 42" (305 to 1067 mm) from the 
rear wall. The rear bar should be a minimum of 24" (610 mm) 
long, centered on the toilet. It is preferable to make the rear bar 
36" (914 mm) long where possible, with the extra length on the 
transfer side of the toilet. Where the side wall is too short for a 
42" (1067 mm) bar, a fold‐down grab bar off the back wall or a 
seat with integrated bars or hand holds might be used.

Figure 11.3 Wheelchair accessible toilet compartment 
Source: Redrawn from 2010 ADA Standards Figure 604.8.1.1 Size of 
Wheelchair Accessible Toilet Compartment
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Figure 11.4 ambulatory accessible toilet compartment 
Source: Redrawn from 2010 ADA Standards Figure 604.8.2 Ambulatory 
Accessible Toilet Compartment
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Figure 11.5 ada rear wall grab bar at water closet 
Source: Redrawn from 2010 ADA Standards Figure 604.5.2 Rear Wall 
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Traditionally, most grab bars have been placed horizontally. 
Vertical bars are used for reaching controls or stepping to en-
ter. Angled bars let the wrist be bent in an easier position, and 
aid in rising to step out of a tub.

wAter closet oPerAtIon
When a water closet is flushed, water either comes from a flush 
tank or flows through a flush valve and washes the closet bowl. 
This cleans the bowl and raises the water level. As the water 
rises, the draining passageway eventually fills and creates a 
siphon, draining water and other contents from the bowl. Si-
phoning is reinforced by ejection of some water into the drain. 
When the water and other contents are removed, the siphon is 
broken, but the water level continues to be raised in the bowl.

The vast majority of toilets in public restrooms are tankless. 
A tankless toilet receives its water directly from a pressurized 
supply line. It may be floor or wall mounted. Wall mounted water 
closets are easier to clean and more vandal resistant, but require 
a substantial fixture carrier support and higher water pressure. In 
private homes that lack adequate water pressure, tankless toilets 
add pumps or other technologies to increase flushing power.

Flush tank water closets are typically used in homes and 
small buildings. Their small water pipes slowly fill tanks that may 
be separately mounted on the wall or integral to the WC.

In a pressure-assisted toilet, water is compressed in a ves-
sel inside the tank, and forced into the bowl quickly, for a clean 
flush with fewer clogs. (See Figure 11.6) The process may make 
more noise than other types of WCs. A pressure-assisted toilet 
installs in the same space as a conventional toilet, and requires 
20 psi (138 kPa) of water pressure, which is typical in residential 
housing. They are used in homes, hotels, dormitories, and light 
commercial applications, and are available in accessible models. 
More and more states are mandating the use of pressure tech-
nology in commercial structures, primarily to prevent blockages.

A toilet bowl is designed to clean itself with each flush. (See 
Figure 11.7) A portion of the water flows out around the top rim, 
swirling to wash down the sides of the bowl.

You can flush a touchless toilet by simply holding your 
had over the tank. This is helpful to avoid picking up or leaving 
behind germs.

Water closets have large traps that are forced to siphon rap-
idly during the flushing process and are refilled with fresh water 
to retain the seal. The WC must be vented nearby to prevent 
accidental siphoning between flushes.

Most toilets bolt to the floor about 12" (305 mm) from the 
finished back wall surface to the center of the toilet flange, but 
this may vary. It is important that the plumber know the dimen-
sional requirements of the model of toilet selected.

Most residential toilets are either one‐piece, with a combined 
tank and bowl, or two‐piece, with the tank bolted to the top of 
the toilet bowl. Two‐piece toilets are generally less expensive and 
easier to carry upstairs. Without a seam, one‐piece toilets are 
easier to clean. Wall‐mounted residential toilets are also available 
that are even easier to clean, but are more expensive to install.

Conventional toilets do not provide for personal cleansing. 
Manufacturers offer toilet seats that provide for cleansing by 
building a source for clean water into the toilet. However, this 
may eliminate the possibility of using recycled water in the 
toilet. Other added features include heated seats, automatic 
flushing, remote controls, integral washing systems, and an 
LED light source within the fixture for night visits.

Water closet tanks are available with insulating liners of plas-
tic foam inside to raise the tank’s outside surface temperature 
above the dew point and prevent condensation.

An alternative type of toilet is made that consists of a toilet 
or urinal with no plumbing connections that reduces waste to 
a small volume of ash. It requires connection to electric power 
and a 4" (102 mm) diameter vent to the outside.

Toilets in many parts of the world that do not include a seat 
are known as squat toilets, Turkish toilets, or Asian toilets. They Figure 11.6 Pressure‐assisted flushing system

Figure 11.7 Toilet bowl and tank
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are designed to either sit or squat; some are designed to wash, 
others to wipe.

wAter‐conservIng toIlets
US Environmental Protection Agency (EPA) WaterSense toilets 
use 1.28 gallons (4.8 L) per flush. Some toilets are available 
that use only 1.0 gallon (3.8 L) per flush. These low figures are 
accomplished by improvements in existing flushing systems 
and by using air pressure to power the flush.

dual flush toilets use buttons or handles to flush different 
levels of water. A dual flush toilet uses only 1 gallon for a light 
flush that is adequate most of the time, with a second, larger 
flush option available to clear the bowl when required.

When remodeling a bathroom, it is important to make sure that 
the water pressure is adequate for a new, more efficient toilet.

Another water‐saving option is a central compressed air 
system that amplifies the water supply system pressure. A small 
compresser with an air tank can operate up to three toilets.

Automatic flushing controls add to the toilet’s accessibility, 
keep toilets clean, and may reduce water use. They work by radi-
ant heat from body pressure or by reflecting a light off the user 
and back to the control. Touch screen controls are also available.

comPostIng toIlets
composting toilets are probably the most ecologically sound 
method for disposing of human waste. (See Figure 11.8) Com-
posting toilets convert human waste into organic compost and 
usable soil. A fan (which can be solar powered) continually draws 
air into the chamber and vents it through the roof. A composting 
toilet can operate very efficiently without odor problems if use 
is not excessive.

Composting toilets use no water and keep wastes out of the 
wastewater system. They are used where water is scarce and/
or sewage disposal is a problem. They are often used in federal 
and state parks, and are increasingly used in residential and 
institutional buildings.

No water inlet, sewer connection, or chemicals are 
needed. Solid waste is broken down and the residue is sent 
to a collection tray at the unit ’s bottom. The resulting com-
post needs to be removed about once a year. Although the 
aerobic digestion of waste is typically odor‐free, ventilation 
is important to reduce odors and facilitate evaporation of 
excess moisture. The composting process creates around 1 
cubic foot (0.03 cubic meter) of waste per person per year 
in the form of earth (compost), which can be used to fertilize 
nonedible plants.

ejector toIlets
Ejector toilets are used where the toilet is below the level of the 
sewer connection. The typical ejector toilet has a 5" to 6" (125 
to 150 mm) high polyethylene pedestal for mounting directly on 
or recessing level with the floor. Where there is adequate ceiling 
height, a raised floor may be used.

A set of impellors and a sewage ejector pump inside the 
unit process waste and push it to the main sewer line. The 
toilet ejector tank can also drain nearby tubs, showers, or 
lavatories. In some models, the pump, vent, and pipes are 
located at a distance behind the toilet. This allows a wall to 
be built between the toilet and the equipment for a neater 
installation.

Sewage ejector pumps are introduced in Chapter 10, “Waste and 
Reuse Systems.”

urinals
Urinals reduce contamination from water closet seats and 
require only 18" (457 mm) of width along the wall. Urinals 
are not required by code in every occupancy type. They are 
usually substituted for one or more of the required WCs for 
men. The wall‐hung type stays cleaner than the stall type, 
but tends to be too high for young boys and for men in wheel-
chairs; one or more in a group may be positioned lower. Stall‐
type urinals provide greater accessibility for a broader range 
of persons.

The 2010 ADA requires that urinals (where provided) be 
stall‐type or wall‐hung fixtures with the rim 17" (430 mm) above 
the finish floor. They are required to be at least 13½" (343 mm) 
deep measured from the outer face to the back of the fixture. 
Clear front space 30" wide by 48" (760 by 1220 mm) deep is 
required for a wheelchair front approach.

The height of the urinal’s front lip off the floor should be 
19½" (495 mm) for boys and 24" (610 mm) for men. Custom 
installation should locate the lip 3" (76 mm) below the man’s 
pants inseam.Figure 11.8 composting toilet
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The standard wall‐hung urinal may not meet accessibility 
mounting‐height requirements. Newer styles should be checked 
for accessibility.

The recommended distance from the centerline of a uri-
nal to a toilet, wall, or other obstacle is 18" (457 mm), with a 
minimum distance of 15" (381 mm). There should be a mini-
mum 3" (76 mm) clearance from the edge of the urinal to a 
side wall. The recommended clearance in front of a urinal 
is 30" (762 mm), although a minimum of 21" (533 mm) is al-
lowed.

A protective durable surface material should be installed at 
least 12" (305 mm) on either side of a urinal. Durable flooring 
needs to be used below and in front of the urinal.

Urinals should be separated by walls or partitions extending 
at least 18" (457 mm) off the wall or 6" (152 mm) beyond the 
outermost front of lip of the urinal, whichever is greater. Privacy 
partitions should cover from a maximum of 12" (305 mm) above 
the floor to a minimum height of 5 feet (1.5 m).

Older urinals used up to 5 gallons (19 L) per flush. In the 
United States, urinals are now required to use 1.0 gallon per 
flush (3.8 L) or less. High‐efficiency urinals use a pint of water 
per flush.

Until waterless urinals became popular, a flush valve was 
often used, or a separate flush tank was hung on the wall above. 
Waterless urinals use no water, and are installed in public re-
strooms and large assembly venues. (See Figure 11.9) Some 
states are making waterless urinals mandatory. Residential wa-
terless urinals may be a good idea in homes occupied mainly by 
men and boys. (See Figure 11.10)

Bidets
A bidet looks like a toilet but works like a sink. (See Figure 11.11) 
A bidet may be installed to provide cleansing for the pelvic area. 
The need for and benefit of a bidet tends to increase as a per-
son ages, as they are especially helpful for adults who have dif-
ficulty cleaning themselves.

Figure 11.9 Waterless urinal

Figure 11.10 residential waterless urinal

Figure 11.11 bidet
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Integrated toilet/bidet systems combine a toilet and bidet in 
a single unit with automated controls. Add‐on bidet systems are 
also available with heated seats, lighting, air dryers, and air filters.

A bidet is used by straddling the bowl while facing the con-
trols and wall. A bidet has both a hot and a cold water supply. 
It has a spray faucet spout that produces a horizontal stream, 
or a vertical spray in the center of the fixture. A pop‐up stopper 
allows the bidet to be used like a sink for a footbath or to wash 
hand‐washables.

Recommended clearances for a bidet are the same as recom-
mended for a toilet: 30" (762 mm) clear in front, with the centerline 
of the bidet 18" (457 mm) from the nearest wall, obstacle, or adja-
cent toilet. Minimum clearances are 21" (533 mm) in front, with the 
bidet’s centerline 15" (381 mm) from the wall or obstacle.

It is important to have towels and soap located next to the bidet.

lavatories and sinks
A lavatory is a bathroom sink. Kitchen sinks are used for wash-
ing dishes and preparing food. Service (slop) sinks are used for 
filling buckets, cleaning mops, and general cleaning.

lAvAtorIes
Few lavatory designs seem to consider the way our bodies work 
and the way we wash. Most lavatories are designed as collection 
bowls for water, but we tend to use them for washing our hands, 
faces, and teeth quickly with running water. Historically, some 
washstands were combined with commodes. (See Figure 11.12) 

The sink and adjacent counter area are often difficult to keep 
clean and dry. For cleanliness and durability, lavatories must be 
made of hard, smooth, scrubbable materials like porcelain, stain-
less steel, or solid surfacing materials.

Lavatories are made in a wide variety of forms and sizes. 
The distance from the centerline of the lavatory to the side-
wall or other tall obstacle should be at least 20" (508 mm). The 
minimum distance from the centerline of the lavatory to a wall 
required by the IPC is 15" (381 mm). According to the IRC, the 
minimum distance between a wall and the edge of a freestand-
ing or wall‐hung lavatory is 4" (102 mm). It is recommended that 
the distance between the centerlines of two lavatories should 
be at least 36" (914 mm).

The height of a lavatory or vanity can vary from 32" to 43" 
(813 to 1092 mm) to fit the needs of the user. Factory‐standard 
vanities are 36" (914 mm). Adjustable height lavatories require 
a flexible plumbing line. Wall‐mounted lavatories and those on 
wall‐mounted counters can be located at the heights desired; 
some clients may prefer to have two lavatories at different 
heights. Vanities are usually 21" (533 mm) deep to allow the 
user to move close to the mirror.

Pedestal lavatories and above-counter vessels bowls have 
specific requirements for drainpipes or wall‐mounted faucets. Ped-
estal lavatories come in a variety of heights. (See Figure 11.13) A 
platform base in a material to match the floor may be needed to 
achieve the height desired.

Vessel lavatories may be several inches in height. (See 
Figure 11.14) They can be set on top of or cut into a counter-
top. Concrete and ceramic lavatories are also available. (See 
Figures 11.15 and 11.16) Lavatories designed for installation 
in a corner may have special requirements.

sInks
The term sink is technically reserved for service sinks, utility 
sinks, kitchen sinks, and laundry basins, although it is often 

Figure 11.12 antique washstand with slide‐out commode Figure 11.13 Pedestal lavatory



Fixtures and Appliances     |    185

used for lavatories as well. Kitchen sinks are usually made of 
enameled cast iron, enameled steel, or stainless steel. Utility 
sinks are made of vitreous china, enameled cast iron, or enam-
eled steel.

Building codes require sinks in some locations, and local 
health departments may set additional requirements. Kitchen or 
bar sinks in break rooms and utility sinks for building maintenance 

are often installed for convenience even when not required by 
code. (See Figure 11.17) The ADA sets standards for accessible 
kitchen sinks, including wheelchair clearances.

Services sinks are located in janitor’s rooms for filling buck-
ets, cleaning mops, and other maintenance tasks. Wash foun-
tains are communal hand‐washing facilities sometimes found in 
industrial facilities.

Farmhouse style sinks are wide and deep, with a large face 
set into the countertop and cabinet below. (See Figure 11.18) 
Both recycled and newly manufactured of types of this style are 
available in enameled porcelain, soapstone, and copper.

FAucets
Because of the design of most faucets, we usually have to bend 
at the waist and splash water upward to wash our face. Most 
lavatory faucets are difficult to drink from and almost impos-
sible to use for hair washing.

Look for faucet designs that are washerless, drip‐free, 
and splash free, and made of noncorrosive materials. Touch‐
on and touchless faucets are available. Public restroom lava-
tories should have self‐closing faucets that save water and 
water heating energy. ADA compliant faucets come in variety 
of spout heights, and feature single lever, easy‐to‐grab mod-
els, wing handles, and 4" or 5" (102 or 127 mm) blade handle 
designs.

Faucets are manufactured as 4" (102 mm) centerset fau-
cets that fit counters and sinks with three holes using a (102 
mm) deckplate, or as center hole faucets that fit counters and 
sinks with a single hole. Centerset faucets are most often found 
on smaller vanity tops and sinks. (See Figure 11.19) Center hole 
faucets are found on a wide range of vanity tops and sinks. (See 
Figure 11.20)

Figure 11.14 Vessel lavatory

Figure 11.15 concrete ramp lavatory

Drain at back

Figure 11.16 ceramic lavatories

Figure 11.17 Kitchen sink with drainboard

Figure 11.18 Farmhouse style kitchen sink
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Federal requirements limit residential bathroom and kitchen 
faucets to a maximum flow rate of 2.2 gallons (8.3 L) per 
minute, and nonresidential public restroom faucets to 0.5 gallon 
(1.9 L) per minute. Screwing an aerator onto the end of the 
faucet mixes air with the water to produce a fuller flow. A faucet 
meeting WaterSense specifications has a 1.5 gallon (5.7 L) per 
minute flow at 60 psi (414 kPA) water pressure.

A faucet should be designed so that the spray stays within 
the lavatory and does not spray on the user, counter, or floor. 

The length of the spout should be proportional to the size of the 
lavatory. A larger bowl generates less overspray.

Deck‐mounted faucets may require a deeper counter and a 
longer spout neck. Wall‐mounted faucets are more difficult to 
install as the plumbing goes through the wall. 

Bathtubs
Bathtubs have evolved from a barrel filled with water from a 
bucket to the whirlpool baths of today. Modern bathing is done 
in private on a very personal scale. Social bathing is limited to 
recreation, not cleansing, in swimming pools, bathhouses, and 
hot tubs with spouts, jets, and cascades.

In seventeenth- and eighteenth-century Europe, bathing in 
a middle‐class home was usually done in a portable bathtub 
in the kitchen, where there was a source of warm water. The 
Saturday night bath was an American institution well into the 
twentieth century. Bathing vessels were portable and some-
times combined with other furniture. A sofa might sit over a 
tub, or a metal tub would fold up inside a tall wooden cabinet. 
(See Figure 11.21) Homes had a bath place rather than a bath-
room, and the bath and the water closet were not necessarily 
near each other.

Showers and tubs are often installed as separate entities, 
sometimes separated by a half wall or a door. In addition, mod-
erately priced all‐in‐one shower/bath enclosures in acrylic or 
fiberglass are very common.

We use bathtubs primarily for whole‐body cleansing, and 
also for relaxing and soaking muscles. We follow a sequence 
of wetting our bodies, soaping ourselves, and scrubbing—all 
of which can be done well with standing water. Then we rinse, 

Figure 11.19 centerset faucet

Figure 11.20 center hole faucet

Figure 11.21 antique bathtubs
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preferably in running water. Tubs work well in the wetting through 
scrubbing phase, but leave us trying to rinse soap off while 
sitting in soapy, dirty water. This is particularly difficult when 
washing one’s hair.

There are alternatives to our typical showers and tubs. Tra-
ditional Japanese baths have two phases. You wet, soap, and 
scrub yourself on a little stool over a drain, rinse with warm 
water from a small bucket, then (freshly cleansed) you soak in 
a warm tub. An updated version uses a whirlpool hot tub for the 
soak. Locate the hot tub in a small bathhouse with a secluded 
view, and you approach heaven.

BAtHtuB AccessIBIlIty And sAFety
Tubs are often uncomfortable and dangerous for people to get 
into and out of. Turning water on and off and adjusting the tem-
perature requires reaching. Shaving legs is easier and safer sit-
ting on a bench or ledge. Tubs should be well lit and have easily 
cleaned but nonslip floors.

People in wheelchairs have to transfer onto a tub seat by 
sliding across from the chair. This can be an awkward maneu-

ver, and allowing enough access is important. A roll‐in shower 
is easier to use.

Where a bathtub is required to be accessible, the ADA speci-
fies the clear floor space in front of the tub, a secure seat within 
the tub, the location of controls and grab bars, the type of tub 
enclosure, and fixed/hand‐held convertible shower sprays. (See 
Figure 11.22)

For safety’s sake, all tubs should have integral braced grab 
bars horizontally and vertically at appropriate heights, with no 
unsafe towel or soap dishes that look like grab bars. (See Figures 
11.23 and 11.24) Manufacturers offer very stylish grab bars that 
avoid an institutional look. A vertical grab bar at the control end 
wall of a tub is helpful. Freestanding tubs can use J‐shaped sup-
ports intended for pools.

The safest way to design a tub is with the tub floor at the 
same level as the bathroom floor, with the deck or top of tub 
at around 18" (457 mm). Even a single step at the tub makes 
balancing more difficult. Installing the tub so that its top is at 
floor level requires the user to either step down to tub level or 
sit on the floor to get in. Sunken tubs also present a greater risk 

Figure 11.22 2010 ada bathtub clearances 
Source: Adapted from 2010 ADA Standards Figure 607.2

Figure 11.23 ada grab bars for bathtubs with permanent seats 
Source: 2010 ADA Standards Figure 607.4.1
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of tripping and falling in. Steps are not advised, but where they 
exist, they should have a grab bar or handrail and an alternate, 
nonstep way to enter the tub.

A transfer seat can be placed at the head of a standard tub. 
A minimum seat depth of 15" to 16" (381 to 406 mm) is recom-
mended, with a height of 17" to 19" (432 to 483 mm), but the 
user’s size and weight should be considered.

Tubs are available with integral or fold‐away seats. Remov-
able seats must be stable. They require storage space when not 
in use. Seats provide better leverage if the user’s feet can be 
put under the seat. They should have a smooth surface; slots or 
openings improve hygiene. One of the best tub seats extends 
from outside the tub into the head of the tub, allowing a person 
to maneuver outside the tub before sliding in.

Accessible tubs are available with doors that swing open be-
fore the tub is filled. The seat should be at a comfortable height, 
typically 18" (457 mm). There are also tubs with sides that drop 
down; they can be placed on a platform so that the bottom of 
the tub is at seat height. Consult a professional regarding use of 
a lift for people with more severe impairments. Lifts may involve 
reinforcing the ceiling or other structural components.

Examine the specific way that a client can approach and enter 
a tub with doors or drop‐down sides. Check the strength and 
clear space required to open the door, how much time it takes 
to fill and empty the tub, and the threshold height into the tub 
or to a built‐in seat.

A bathtub needs at least 30" (762 mm) of space along one 
side, and more if dressing takes place in front of the tub. The 
IRC allows a minimum of 21" (533 mm), which is tight for many 
users, especially for a parent with children or a caregiver help-
ing the bather. The minimum needed to transfer from a wheel-
chair is 30" (mm), although more is better.

For free-standing tubs, consider the side(s) for entering and 
exiting, and allow space for passage and clearances.

Building codes require that a window with its bottom edge 
less than 60" (1524 mm) above the finished floor must be tem-
pered glass when located next to a bathtub. Tempered glass 
must also be used for glazing the door or enclosure for a tub 
or shower.

BAtHtuB controls
The ADA sets standards for bathtub controls. (See Figure 11.25) 
Faucet controls should preferably be located within 6" (152 mm) 
of the front wall, where they will be easy to reach before entering 
the tub. The user should not have to lean across the tub to turn 
on the water or check its temperature. In an enclosed combina-
tion tub/shower, controls may be on the wall a maximum of 33" 
(838 mm) above the finished floor. Free-standing or platform 
tubs should have controls on the front side.

The location of bathtub controls should not conflict with the 
transfer area required for wheelchair users.

A single‐lever shower faucet is easier to manipulate than 
round handles, and both temperature and flow rate can be ad-
justed with a single motion. Scald‐proof thermostatically con-
trolled, pressure‐balanced, or combination valves must be used 
for tub/shower combinations.

Figure 11.24 ada grab bars for bathtubs with removable seats 
Source: 2010 ADA Standards Figure 607.4.2

Figure 11.25 ada bathtub controls location elevation 
Source: Redrawn from 2010 ADA Standards Figure 607.5
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A hand spray and 60" (1524 mm) hose allows a caregiver to 
assist a bathtub user. A hand‐held spray aids in hair washing, 
and is easy to use for a seated bather. A trickle valve allows 
easy control. The hose length can be increased to 72" (1829 
mm) or the length needed to reach bather.

The ADA sets standards for shower control locations. (See 
Figures 11.26 and 11.27) If installed on a sliding bar to double 
as a showerhead, the lowest position should not be greater than 
48" (1219 mm) and well within the reach of the seat in the tub. 
The highest position for the showerhead should be 72" to 78" 
(1829 to 1981 mm).

Old bathtubs with a supply spigot in the tub my have 
ineffective or missing overflow limits, creating a potential 
backflow problem. Newer tub faucets are usually on the wall 
above the top of the tub to prevent this problem. A properly 
designed hand shower including antisiphon device is a good 
idea to include.

Bathtubs are made of a wide variety of materials. (See 
Table 11.4) Durability and sanitation are important concerns.

BAtHtuB styles
Bathtubs come in a variety of styles, including corner and re-
cessed alcove baths, among others. (See Figures 11.28 and 
11.29) They are available either left‐ or right‐handed, depending 
on which end has the drain hole. The design of the tub should 
ideally support the back, with a contoured surface and braces 
for the feet. Tubs can accommodate different leg lengths. If 

Figure  11.26 elevation of ada roll‐in shower wall control 
locations 
Source: Redrawn from 2010 ADA Standards Figure 608.5.2
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Figure 11.27 ada roll‐in shower with seat control locations 
Source: Redrawn from 2010 ADA Standards Figure 608.5.2
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Table 11.4 baTHTub MaTerialS
Material description

Porcelain on steel (POS) or enameled 
steel

Resists acid, corrosion, abrasion. Flameproof, colorfast, sanitary, durable. If chipped, can 
rust. Can be noisy.

POS composite Light-weight, better heat retention. If chipped, can rust.

Acrylic reinforced with fiberglass Low cost, light-weight, repairable. Easy to clean. Keeps water warm. May scratch or 
discolor. Do not use abrasives.

Fiberglass‐reinforced plastic (FRP) With gel coating. Low cost, light-weight, easy to install. Less durable than acrylic; quality 
varies. Do not use abrasive cleansers.

Cast iron with enamel Very durable. Keeps water warm. Extremely heavy. Difficult to repair. Sand‐blasted non‐
skid bottom very difficult to clean.

Cultured marble (limestone, resin, 
gelcoat)

Tough, durable. Can repair slight chips. Moderate cost. Surface may scratch. Very brittle, 
thermal shock can crack.

Stone Very heavy, requires structural support. Marble not recommended; very porous.

Solid surfacing materials Warm to touch, retain water temperature. More damage resistant, repairable than cast 
iron and acrylic. White exterior can be painted.

Wood Most woods will warp, crack, or rot. Teak will dry out and split if not used regularly. May 
not meet codes. Unique designs, expensive.

Ceramic tile Durable, great variety of patterns, shapes, sizes. Water‐resistant grout. Requires skilled 
installation. Tile cleans well, grout may not.
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the user’s feet do not reach the end of the tub, they may slide 
under water. Too short a tub may leave bent knees out of the 
water.

Tub length, width, and depth vary. (See Table 11.5) A stan-
dard tub or tub/shower combination is 32" by 60" (813 by 1524 
mm), which will fit into most bathrooms, but may not fit the 
user’s needs.

A smaller square tub may meet the needs of a shorter per-
son. Soaking tubs are usually deeper. A tub specified for bath-
ing children should be smaller and shallower than one for soak-
ing a larger person.

Whirlpool tubs are filled with heated water each time they 
are used. Different jetted actions move the water in the tub, 
some forcing water out at certain locations while others cre-
ate a rotating pattern. Air bubblers lining the bottom create a 
soft massaging movement. Jetted tubs must be filled to above 
the jets, so jet height affects the amount of water used. Small 
whirlpool tubs 32" by 60" (813 by 1524 mm) use water and en-
ergy more efficiently. Extra structural support is added in new 
construction for the weight of additional water and people in an 
oversized tub. Some models have the pump located separately 
for noise control and ease of service.

Carefully evaluate the floor structure when adding an oversized 
tub. The floor may have to be stripped down to the joists to 
verify their size and spacing.

Two‐person tubs are often jetted, and may be used only 
sporadically. Tubs for two people sitting side by side are 42" 
(1067 mm) wide; 36" (914 mm) suffices for sitting opposite.

Table 11.5 baTHTub STyleS and SizeS
Style description Sizes (mm)

Recessed (3‐wall alcove) Unfinished on 3 wall sides, with decorative 
front

60" to 72" (1524 to 1829) by 32" to 42" (813 to 1069) by 
16" to 24" (406 to 610)

Corner Usually triangular with unfinished wall sides 
and finished front

Triangle 60" by 60" by 21" (1524 by 1524 by 533), other 
sizes available

Drop‐in Undermounted in platform cutout or 
platform built from floor

Sizes similar to recessed tubs; installed overlapping 
deck or undermounted

Free-standing Traditional claw feet or contemporary, 
finished surfaces

60" to 75" (1524 to 1905) by 29" to 44" (737 to 1118) by 
18" to 27" (457 to 686)

Whirlpool Motorized circulation jets; available all 
styles, usually platform installed

Lengths 48", 60", 65" (1219, 1524, 1651). Up to 75" 
(1905) round. Corner tubs 60" by 60" (1524). Maximum 
practical size 72" by 42" (1829 by 1069)

Spa tub (hot tub) Water remains in tub and is reused; 
thermostat controlled water stays heated

Must be kept tightly covered and insulated with cover 
and around the bottom and sides

Soaking tub Can be designed to support back or legs; 
Japanese soaking tub is smaller and 
deeper, with seat

Length up to 75" (1981), 24" (635) depth. Requires large 
hot water tank, extra structural support

Figure 11.28 corner bath

Faucet

Figure 11.29 alcove bath



Fixtures and Appliances     |    191

The deck of a drop‐in or undermount tub can serve as a 
transfer seat, but must be designed to support a minimum of 
250 lbs. (113 kg). (See Figure 11.30) If undermounted, the sur-
face deck should overlap the tub flange to eliminate a perme-
able seam, and should slope slightly toward the tub.

Air tubs have a champagne bubble‐type effect, while river 
jets simulate the undulating motion of white water river flow. 
Underwater lights, vanity mirrors, and wall‐mounted CD/stereo 
systems with remote control are other luxurious options. Some 
tubs have built‐in handrails and seats, while others have inte-
grated shower or steam towers. Tubs are available with integral 
skirts for easy installation and removable panels for access.

Clients may request a big, two‐person whirlpool tub, but often 
they do not use it as much as they think they will. People conscious 
of water use do not want to fill up a 300‐gallon (1136 L) tub.

Thermaformed acrylic tub liners that can be installed over 
existing cast iron or steel tubs are a fast and economical way 
to upgrade a bathroom. However, existing moisture problems 
or imperfect installation can result in water collecting between 
liner and tub where mold can grow.

showers
Modern showers evolved from military barracks and gymnasi-
ums for men. The first showers used a hand pump to move 
water up a pipe and over a portable or outdoor tub.

Showers are seen as a quick, no‐nonsense way to clean the 
whole body. They waste a lot of fresh running water while we 
soap and scrub, but do an excellent job rinsing skin and hair. 
With luck, you get a nice invigorating massage on your back, 
but a real soak is impossible. If you drop the soap, you may 
slip and fall retrieving it, so grab bars and an integral seat are 
good ideas.

Shower floors should have textured surfaces for slip resistance. It 
is also important that the flooring near the shower be slip resistant.

sHower codes And sAFety
Where there is more than one shower in a public facility, the ADA 
requires at least one to be accessible. Accessible showers have 
requirements for sizes, seats, grab bars, controls, curb heights, 
shower enclosures, and shower spray units.

With enough adjacent clear floor space, most standing or seat-
ed users are able to use the shower on their own. How a bather 
with disabilities will enter the shower is an important design issue, 
particularly if a person is using a wheelchair. There are two types of 
accessible showers, transfer showers and roll‐in showers.

Transfer showers are for the bather who can physically 
transfer from a wheelchair to a shower seat. (See Figure 11.31) 
The seat and grab bars must be positioned to facilitate that en-
try. The minimum finished dimension for a transfer is 36" by 36" 
(914 by 914 mm), with a full 36" (914 mm) opening. An L‐shaped 
grab bar is required on the control wall and half of the back 
wall. A fold‐up seat should be located on the wall opposite the 
controls. A transfer shower needs clear floor space at least 48" 
(1219 mm) along the opening and extending beyond the opening 
on the seat wall, by 36" (914 mm) deep.

A roll‐in shower allows a person to remain in their wheelchair 
while showering, and is easier for most people to use, including 
children and people with balance issues. (See Table 11.6 and  
Figure 11.32) Clear floor space is required at least 60" (1524 mm) 
long next to open face and at least 30" (762 mm) wide. The thresh-
old cannot be more than ¼" (25 mm) high to permit roll in, and the 
shower floor must be sloped to contain the water. A 60" (1524 mm) 
wheelchair‐turning circle allows the user to access the shower seat 
or controls.

The IRC requires only 24" (610 mm) in front of the shower, 
but this is rather tight; a floor clearance 30" (762 mm) minimum 
is better. A dressing circle 42" to 48" (1067 to 1219 mm) in di-
ameter allows space for drying off and changing clothing.

The area outside the shower can become a wet area by 
extending a waterproof membrane and sloping the floor gently 
toward the drain. A second drain outside the shower or a trench‐
style drain is helpful; many products are available to help. (See 
Figure 11.33)

Figure 11.30 drop‐in bath

Platform

Drop-in tub

Figure 11.31 ada transfer-type shower minimum dimensions 
Source: Redrawn from 2010 ADA Standards for Accessible Design 
Figure 608.2.1
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A glass or other inflexible door can be problematic for a roll‐in 
shower user. Where a shower is not more than 42" (1067 mm) 
deep, a door opening 36" (914 mm) is required to manage the 
turn at the entry. A deeper shower can work with a minimum 32" 
(813 mm) door.

Table 11.6 roll‐in SHoWer diMenSionS
Shower Type dimensions (mm)

Minimum recommended 
dimensions

36" by 60" (914 by 1524) with 30" 
(762) deep clear access. Allows 
conversion from a traditional bath. 
30" (762) width is permitted.

Preferred dimensions 36" by 42" (914 by 1067) facilitates 
water containment, allows user to 
move beyond shower spray.

Ideal dimensions 60" wide by 48" to 60" (1524 by 
1219 to 1524) deep. Makes access 
and turning easier and contains 
water better.

Figure 11.32 Standard ada roll‐in shower 
Source: Redrawn from 2010 ADA Standards for Accessible 
Design Figure 608.2.2
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Figure 11.33 Shower drains

Generously sized shower spaces address universal design prin-
ciples. They can accommodate more than one person, and can 
be also be used for bathing pets and other tasks.

Grab bars are required at the shower’s back and sides that 
support a minimum of 250 pounds (113 kg). Walls can be rein-
forced by installing 2 × 4 or 2 × 8 blocking horizontally between 
framing joists. If using a complete plywood surround, make sure it 
is watertight and protect it with a waterproof membrane. Placing 
reinforcing throughout shower walls allows clients to add supports 
as needed. A vertical bar at the shower entry provides support 
when getting in and out of shower. Grab bars should have slip‐ 
resistant surfaces. Towel bars, soap holders, and hand‐held spray 
bars that are designed to function as grab bars are available.

Grab bars cannot extend more than 1½" (38 mm) from the 
wall to prevent getting a hand or arm caught between bar and 
wall. Controls should be installed above the grab bar.

The IRC requires a shower surround to be at least 80"
(2032 mm) high. Waterproof material must extend a minimum 
of 3" (76 mm) above the showerhead rough‐in, which is typically 
at 78" (1981 mm). The IRC requires coverage by waterproof wall 
materials to at least 72" (1823 mm) above the finished floor.

Showers may be required by code in assembly occupancies 
such as gyms and health clubs, and in manufacturing plants, 
warehouses, foundries, and other buildings where employees 
are exposed to excessive heat or skin contamination. The 
codes specify the type of shower pan and drain required.

Different kinds of shower seats are available, including ad-
justable, fold‐up and stationary seats. Regardless of type, the 
seat must be installed where it will allow a seated bather to 
reach the showerhead, control valves, and soap caddie. A fold-
ing seat maximizes the open floor space in a roll‐in shower. In a 
privately owned single‐family home, it may be possible to match 
the specific client’s needs and preferences.

Built‐in seats are recommended to be between minimum 
15" and maximum 16" (381 to 406 mm) deep with finish material 
in place, and 17" to 19" (432 to 483 mm) high. The seat should 
slope gently toward the shower base at not more than ¼" per 
12" (6 mm per 35 mm) to avoid collecting water.

sHower enclosures
No‐threshold (curbless) showers improve universal design ac-
cess. They must be designed so that water will not splash out the 
opening. Considerations include the size of the shower, slope of 
the floor, and drain location; the location of a hand‐held shower-
head and whether the water spray can be controlled; and includ-
ing the flooring outside of the shower in a wet area. Where a door 
is used, consider maneuverability around the door swing. A long, 
weighted shower curtain helps to control the water in a curbless 
shower. A trough‐style drain at the back collects escaping water.

The recommended size for a one‐person shower is 36" by 
36" (914 by 914 mm); this is acceptable for transfer from a mo-
bility aid. The IRC requires a minimum of only 30" by 30" (762 by 
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762 mm), which tends to be too tight for most adults. Angled 
showers require that a disc at least 30" (762 mm) in diameter fit 
into the shower floor, but larger is better. Large open showers 
accommodate more than one person.

Shower enclosures are usually enameled steel, stainless steel, 
ceramic tile, fiberglass, or acrylic. Other options include marble 
and other stones, glass block, and solid surfacing materials.

Shower pans are typically made of terrazzo or enameled steel 
and are available in solid surfacing materials as well. Barrier‐free 
shower pans are available. A shower pan that converts a standard 
60" (1524 mm) tub to a shower without moving the plumbing can 
improve safety. In this process, the old tub is removed and re-
placed with a slip‐resistant shower pan. An acrylic wall surround 
can cover up old tile and unsightly construction work.

Frames for shower doors come in a variety of finishes. Glass 
panel anti‐derailing mechanisms add to safety. Open, walk‐in 
styles of showers with no doors are another option, as long as 
water is controlled.

A shower door should be at least 32" (813 mm) wide. The 
shower door should either slide or open outward toward the 
bathroom. This provides more clear space, and allows a person 
to get in to assist someone who has fallen inside the shower.

A shower door may drip water onto the floor, a consideration 
when specifying flooring types and materials.

Heavy glass frameless enclosures that can be joined with 
clear silicone are available up to ½" (13 mm) thick, although 3/8 " 
(10 mm) is usually adequate. Body spray jets pounding at a fra-
meless door will inevitably leak, so pointing them against a solid 
wall is a better option. A vinyl gasket can deter leaks, but may 
defeat the visual effect of the frameless glass, and is unlikely to 
be effective for very long. Totally frameless enclosures always 
lose a certain degree of water, and glass doors generally will not 
keep steam in and do not retain heat as well as framed doors. 
Complete water tightness may encourage mildew growth, so a 
vented transom above the door may be necessary.

The minimum finished interior size for all prefabricated 
shower stalls is 300 square inches (0.2 square meter), with a 
minimum 30" (762 mm) interior dimension. Smaller prefabricated 
two‐wall units may be 35¼" (895 mm) square and from 71¼" to 
83" (1810 to 2108 mm) high. Larger three-panel types range up 
to 40" by 60" (1016 by 1524 mm). Accessible units are available 
measuring 30" by 60" (762 by 1524 mm) minimum, with all nec-
essary fixtures including floor, grab bars, seats, faucets, and 
showerheads. Pre‐plumbed, all‐in‐one shower enclosures that 
include a steam generator are also available.

One‐piece prefabricated showers are available. Multipiece 
units assembled on-site may solve problems with fitting through 
doorways.

sHowerHeAds And controls
Showerheads are available in two basic types. Regular station-
ary showerheads are hands‐free but permit only limited aim ad-
justments. Hand‐held types are attached to a flexible hose that 
can be clipped onto a wall‐mounted hanger, swivel, or bar for 
hands‐free use.

Hand‐held heads may help to save water and energy by di-
recting water only where it is needed, and by reducing the dis-
tance between the showerhead and the body, which encourages 
use of cooler water temperatures. Both standard and hand‐held 
showerheads are available with adjustable sprays; those with 
rings outside the head are easier to adjust than those with con-
trols in the head’s center. A shutoff at the head reduces water to 
a trickle and saves water. An adjustable height showerhead on a 
vertical bar should not obstruct the use of grab bars.

To avoid problems, check whether the showerhead’s slidebar is 
strong enough to act as a support or grab bar.

The IRC requires shower control valves to be either pres-
sure balanced, have thermostatic mixing, or be a combination 
the two to prevent scalding due to changes in water pressure.

Standard showerheads use 2.5 gallons (9.5 L) per minute. 
Codes may limit showerhead flow. A WaterSense showerhead is 
limited to 2.0 gallons (7.6 L) per minute maximum. Shower wa-
ter use can be decreased to less than 5 minutes by not running 
water when soaping up.

Low water pressure heads are designed to produce a sat-
isfying stream at pressures below 80 pounds per square inch 
(psi). Low‐flow functions are designed into the showerhead or 
retrofit with flow restrictors. Most bathers apparently do not 
notice the difference.

Manufacturers design low‐flow showerheads that feel luxuri-
ous or more invigorating but use less water, by using wider, 
pulsing, and massage sprays. However, these showerheads 
may use more water to accommodate additional showering 
time and greater flow rates.

Multihead showers should have individual controls on each fitting 
to save water. This is especially important when a two‐person 
shower is used by one person.

A fixed showerhead is typically roughed‐in at 72" to 78" 
(1823 to 1981 mm) above the floor. The rough‐in height can be 
designed to accommodate the user.

When helping children bathe, you should be able to reach 
the controls from the outside without wetting your arm, and to 
manipulate controls from inside without seeing them. Systems 
are available that allow the sprays to be moved to accommo-
date people of different sizes, and some systems come with 
programmable showerheads. Showers for two people should 
have two showerheads, each with separate controls.
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Although it is convenient for a plumber to line control valves 
up vertically under a showerhead, this may make it more dif-
ficult for the user to reach while standing outside of the shower 
spray. A location 6" (152 mm) from the outside of the fixture is 
accessible. The best reach height is between 38" and 48" (965 
and 1219 mm) above the finished floor. Transfer‐type showers 
should have controls, showerhead, and handheld spray on a 
control wall within 15" (381 mm) of the centerline of the seat.

An alternative to locating all controls within a seated person’s 
reach is to place the control for the overhead shower near the 
entry point, with a second control or diverter near a handheld 
spray located near the seat.

steam rooms and saunas
A steam room is an enclosed space that creates a high‐humid-
ity environment with large amounts of high‐temperature steam. 
On the other hand, a sauna warms and relaxes the body with dry 
heat created by pouring water on hot rocks, with only about 15 
percent humidity.

steAm rooms
An average steam bath consumes less than one gallon of water. 
Steam generators are usually located in a cabinet adjacent to 
the shower enclosure, but may be located up to 20 feet (6 m) 
away. Look for equipment with minimal temperature variations, 
an even flow of steam, quiet operation, and steam heads that 
are cool enough to touch. Plumbing and electrical connections 
are similar to those of a common residential water heater. Con-
trols can be mounted inside or outside the steam room.

Steam rooms can be custom designed or installed as a 
prefabricated package. (See Figure 11.34) In either case, the 
steam generator must find a home nearby but out of the way. 
Prefabricated modular acrylic steam rooms are available in a 
variety of sizes that can comfortably fit from two to eleven peo-
ple. They include seating and low voltage lighting.

Steam shower door openings need to be sealed to the ceiling 
with a transom or fixed panel. Allow a minimum of 4 square feet 
(0.37 square meter) per person, with 6 square feet (0.56 square 
meter) preferred. Doors must swing out and should not lock. 
Steam units need a drainpipe for the steam generator. The gen-
erator may be located under the bench, in a closet or vanity, or in 
an attic or basement. The steam shower also needs a waterproof 
ceiling, sloped or curved, to allow drainage. The assembly may 
need an access panel for servicing the mechanical equipment.

sAunAs And InFrAred HeAt
The traditional sauna itself is part of a larger process. After a 
short shower, the sauna user spends 5 to 15 minutes sitting or 
lying on a wooden bench in the insulated sauna room. This is 
followed with another shower or a visit to a pool or plunge bath, 
then a few minutes of rest. Then it is back to the sauna for about 
20 minutes, followed by a 20‐minute rest and then a final shower.

Modular saunas combine wood and glass in sizes from 4 feet 
(1.2 m) square to 12 feet (3.7 m) square. There are even portable 
and personal saunas that can be assembled in minutes. Heating 
units are made of rust resistant materials and hold rocks in direct 
contact with the heating elements. Models are available in cedar, 
redwood, hemlock, and aspen.

Infrared (IR) heat is used as a warm‐up for athletes, physical 
therapy, and massages. An ir heat therapy room uses IR heat 
at a lower temperature than a sauna, with normal room humid-
ity; this takes less time to heat up. Pre‐built units have some 
features similar to saunas, including cedar or alder lining, cedar 
benches with a backrest, doors, controls, and lighting. Multiple 
IR heaters along wall direct heat on each user.

resIdentIAl BAtHroom desIgn
The design of bathrooms and public restrooms involves not only 
the plumbing system, but also the mechanical and electrical 
systems. There are special space‐planning considerations—in-
cluding acoustics—in bathroom design that have an impact on 
the plumbing layout.

The minimum code requirements for a residence include 
one kitchen sink, one water closet, one lavatory, one bathtub 
or shower unit, and one washing machine hookup. In a duplex, 
both units may share a single washing machine hookup. Each 
water closet and bathtub or shower must be installed in a room 
offering privacy. Some jurisdictions require additional plumbing 
fixtures based on the number of bedrooms. Many homes have 
more than one bathroom.

Figure 11.34 Steam room
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Bathroom design History
The first indoor rooms designed specifically as bathrooms were 
spare bedrooms converted for wealthy clients. By the middle of 
the nineteenth century, fine homes were built with a separate 
bathroom.

The earliest bathrooms were often finished in wood, with a 
wooden toilet tank and seat, and a wood trimmed tub. Some 
were heavily draped, elaborately wallpapered, and carpeted. 
Finishes included marble, glass, and glazed tile.

In the late nineteenth and early twentieth century, hot and 
cold running water was still considered a luxury. Bathrooms 
in wealthy homes may have included a sitz bath in which only 
the buttocks and feet were submerged, foot bath, bidet, ped-
estal lavatory, siphon‐action WC, enameled tub, and shower 
bath with a receptor.

By the early twentieth century, middle class homes tended 
to have stark, simple, hygienic bathrooms with plaster walls and 
hardwood floors. Pipes were often left exposed. Bathrooms 
were frequently designed for three fixtures: a toilet, a lavatory, 
and a bathtub or shower.

Bathroom Planning
On residential projects, the interior designer or architect helps 
the client with the selection of bathroom fixtures. The interior 
designer is often the key contact with the client, representing 
their preferences and providing specification information to the 
architect and engineer. Kitchen and bath designers, who may 
work for businesses selling fixtures, often help owners select 
residential fixtures on renovation projects.

For remodeling projects, verify as‐built plans for accuracy. Mea-
sure and locate existing equipment and fixtures.

Bathroom floors need to be stable and even, especially 
around the toilet to avoid wobbling that could break its seal. Floor 
tiles, tubs, and shower pans should also be level. Avoid future 
damage by using materials that water cannot penetrate, and by 
caulking joints. Seal floors so moisture does not reach subfloor-
ing and joists, especially around toilets, tubs, and showers.

Some showers or tub/shower combinations have doors that 
are hinged directly to the wall rather than to the shower frame. 
The extra‐heavy plate glass that is often used with frameless 
glass doors needs additional studs inside the wall for support. 
Some bathroom equipment and fixtures, such as full‐body spray 
showers or wall‐mounted toilets, specify a minimum 2×6 stud 
wall to accommodate valves and pipes.

InsPectIons
Several inspections by the local building inspector are required 
during the construction process, to assure that the plumbing is 
properly installed. As indicated in Chapter 9, roughing‐in is the pro-
cess of getting all the pipes installed, capped, and pressure‐tested 

for leaks before the actual fixtures are installed. The interior de-
signer should check at this point to make sure the plumbing for 
the fixtures is in the correct location and at the correct height. The 
critical dimension when installing a toilet is the rough‐in distance 
from the wall to the center of the floor drain. The first inspection 
usually takes place after roughing‐in the plumbing.

The contractor must schedule the inspector for a prompt 
inspection, as work in this area cannot continue until it passes 
inspection. The building inspector returns for a final inspection 
after the pipes are enclosed in the walls and the plumbing fix-
tures are installed.

resIdentIAl BAtHroom tyPes
There are a variety of types of residential bathrooms designed 
for use by residents and guests. (See Table 11.7)

Universal design provides for use by a variety of visitors. Locat-
ing a first floor bathroom near a bedroom or adaptable room helps 

Table 11.7 reSidenTial baTHrooM TyPeS
Type description

Basic three‐fixture 
bathroom

Lavatory, toilet, and tub and/or shower 
for single user. Minimum of 35 square 
feet (3.25 m2); master baths may be 
much larger.

Compartmentalized 
bathroom

Used by more than one person. 
Lavatory in hallway, bedroom, or 
alcove, with toilet and bath in separate 
nearby space. Toilet may be separate 
with own lavatory. Single door limits 
access if guests and family share.

Guest bath Lavatory, toilet, and shower stall (not 
full bathtub. Minimum of 30 square feet 
(3 m2).

Half bathroom or 
powder room

Lavatory and toilet. Powder room 
may be under stairs or near mudroom 
entrance. 25 square feet (2.3 m2).

Hall bathroom Lavatory, toilet, and bathtub and/or 
shower serving secondary bedrooms.

Shared bathroom Between two bedrooms. May have 
lavatory and toilet room on each side, 
tub and/or shower in middle. Extra 
space for 2 doorways and circulation.

Bathroom suite One or more lavatories, toilet, tub, 
shower, possibly bidet, vanity, dressing 
area. Usually located adjacent to 
master or guest bedroom.

Bathroom spa Bathroom suite plus whirlpool or jetted 
tub, soaking tub, spa tub, sauna, and/
or steam bath. Individualized to client.

Children’s bathroom Located in hall or connected to child’s 
bedroom. Consider ages, needs. 
Lower mirror, adjustable showerhead, 
stepstools, and toilet training seat.
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avoid the need to use stairs. It is wise to plan a small powder room 
that can be used by any guest. Maintain audio and visual privacy 
and avoid opening the powder room directly to a social area.

desIgnIng PuBlIc toIlet rooms
On many projects, the interior designer allocates the space for 
the public restrooms and places the fixtures. Toilet rooms in 
public facilities are often allotted minimal space and have to be 
designed with ingenuity to accommodate the required number 
of fixtures. The location of public restrooms should be central 
without being a focal point of the design.

Usually a licensed engineer designs the building’s plumbing sys-
tem. On small projects like adding a break room or a small toilet 
facility, an engineer may not be involved, and licensed contractors 
will work directly off the interior designer’s drawings or supply their 
own plumbing drawings. The design of public restrooms also in-
volves coordination with the building’s mechanical system. The type 
of air distribution system, ceiling height, location of supply diffusers 
and return grills on ceilings, walls or floor, and the number and loca-
tions of thermostats and HVAC zones influence the interior design.

Interior designers must be aware of the specific numbers 
and types of plumbing fixtures required by codes for public 
buildings. The IPC helps interior designers determine the mini-
mum number and types of fixtures required for particular occu-
pancy classifications. Plumbing code requirements also include 
privacy and finish requirements and minimum clearances.

The entrances to public restrooms must strike a balance 
between accessibility and privacy, so that they are easy to find 
and enter, but preserve the privacy of users. Frequently men’s 
and women’s toilet rooms are located next to each other, with 
both entries visible but visually separate. This avoids splitting 
families up across a public space, is convenient for those wait-
ing, makes finding the restrooms easier, and saves plumbing 
costs. The area just outside the restroom should be designed to 
allow people to wait for their friends, but should avoid closed‐off 
or dark areas where troublemakers could loiter.

Restrooms with multiple water closets must have toilet stalls 
made of impervious materials, with minimum clearance dimen-
sions and durable privacy locks. Urinals have partial screens but 
do not require doors. Generally, lavatories are located closer to 
the door than toilets.

toilet room Accessibility
The ADA requires that all restrooms it covers to be fully acces-
sible to the public with adequate door width and turning space for 
a wheelchair. A single toilet facility is usually required to be acces-
sible or at least adaptable to use by a person with disabilities. A 
door is not allowed to impinge on the fixture clearance space, but 
can swing into a turn circle. The ADA also regulates accessories 
such as mirrors, medicine cabinets, controls, dispensers, recep-
tacles, disposal units, air hand dryers, and vending machines. 
Where non‐accessible toilets already exist, it may be possible 
to add a single accessible unisex toilet rather than one per sex.

Generally, washroom accessories must be mounted so that 
the part that the user operates is between 38" and 48" (970 
mm and 1220 mm) from the floor. The bottom of the reflective 
surface of a mirror must not be more than 40" (1020 mm) above 
the floor. Grab bars must be 33" to 36" (840 mm to 910 mm) 
above the floor.

Wheelchair access generally requires a 5 foot (1520 mm) 
diameter turn circle. The turn circle should be drawn on the floor 
plan to show compliance. When this is not possible, a T‐shaped 
space is usually permitted. Special requirements pertain to toi-
let rooms serving children aged three to twelve. States may 
have different or additional requirements, so be sure to check 
for the latest applicable accessibility codes.

The conventional height of a toilet seat is 15" (381 mm). The 
recommended height for people with disabilities is 17" to 19" 
(430 to 480 mm). Doors on accessible stalls should generally 
swing out, not in, with specific amounts of room on the push and 
pull sides of doors.

The ADA requires a minimum of one lavatory per floor to be 
accessible, but it is not usually difficult to make them all usable 
by everyone. An accessible lavatory has specific amounts of 
clear floor space leading to it, space underneath for knees and 
toes, covered hot water and drain pipes, and lever or automatic 
faucets. The ADA requires clearance at water closets without 
obstructions or overlaps.

Some occupancies with limited square footage and minimal 
numbers of occupants, such as small offices, retail stores, res-
taurants, laundries, and beauty shops, are permitted to have 
one facility with a single water closet and lavatory for both men 
and women. These facilities must be unisex and fully accessible.

In larger buildings, fixtures may be grouped together on a 
floor if maximum travel distances are within the limits estab-
lished by code. Employee facilities can be either separate or 
included in the public customer facilities. It is common to share 
employee and public facilities in nightclubs, places of public as-
sembly, and mercantile buildings.

Fixtures should be located back‐to‐back and one above 
the other wherever possible for economical installation. This 
allows piping space to be conserved and permits greater 
flexibility in the relocation of other partitions during remodel-
ing. Wherever possible, locate all fixtures in a room along the 
same wall.

Some types of occupancies present special plumbing de-
sign challenges. Plumbing fixtures for schools should be chosen 
for durability and ease of maintenance. Resilient materials like 
stainless steel, chrome‐plated cast brass, precast stone or ter-
razzo, or high impact fiberglass are appropriate choices. Con-
trols must be designed to withstand abuse, and fixtures must be 
securely tied into the building’s structure with concealed mount-
ing hardware designed to resist exceptional forces.

drinking Fountains
Access to fresh drinking water is necessary for good health; for 
some people, frequent drinks of water are an essential health 
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kItcHen HIstory
Thirteenth‐century Flanders (now Belgium) was the location of the 
first known kitchen separate from the main living space and fire-
place hearth. The kitchen featured tables on trestles for food prep-
aration. Horizontal boards above tables for were used for storage.

In a North American colonial kitchen, the room with the 
hearth was often the only room with a heat source, and was 
often also used for bathing. In wealthy households, the kitchen 
was used only by servants, and often located on a lower level or 
in a separate building.

The early nineteenth-century kitchen had a dry sink, until 
it was eventually possible to hand‐pump water in the kitchen. 
Nineteenth-century Victorian kitchens had a free-standing 
range, sink, and table. Gas stoves were becoming available, but 
many cooks continued to prefer wood or coal burning stoves.

The Beecher Kitchen was designed in 1869 by Catherine 
Beecher and her sister Harriet Beecher Stowe. Their book, The 
American Women’s Home, included an improved stove designed 
for multiple tasks and a plumbed sink.

Cities promoted cleanliness and sanitation in the late nine-
teenth century. The twentieth century saw standardization, 
improved appliances, and less help in the home. The Great De-
pression in the 1930s resulted in more efficient, smaller, and less 
expensive kitchens. Wiring of homes led to electric built‐in kitchen 
appliances. University researchers studying efficiency, accuracy, 
safety, and usage of appliances developed kitchen planning con-
cepts, including the work triangle, as well as U‐shaped, L‐shaped, 
corridor, and one‐wall kitchens. The kitchen was becoming a place 
for family interaction, and opening up to dining and living areas.

work centers And AIsles
Twentieth‐century researchers identified three primary work 
centers: sink, refrigeration, and cooking. Various secondary 
centers such as baking and salad preparation were also iden-
tified. Today, kitchens often include serving and dining areas, 
plus communications, laundry, and office work areas.

Access to appliances requires coordination with circulation. 
Work aisles for a single cook should be 42" (1067 mm). You need 
48" (1219 mm) of space for a cook in front of an open dishwasher 
or oven door. A work aisle 60" to 66" (1524 to 1676 mm) allows 
room for a second person to pass, and makes a 360-degree 
wheelchair turn possible.

Circulation should be planned so that traffic does not inter-
fere with work aisles. Minimum circulation for one person is 36" 
(914 mm). If circulation turns a corner, one leg should be 48" 
(1219 mm), which will allow a person using a mobility aid to turn. 
Where two people will frequently pass, allow 48" to 60" (1219 to 
1524 mm) circulation.

kItcHen unIversAl desIgn And 
AccessIBIlIty
People with sensory, cognitive, and physical issues are at in-
creased risk of injury from hot surfaces of kitchen appliances 
and cooking items. Easy-to-understand appliances and controls 
use color cuing, blinking lights, beeps, and icons. Black glass 

need. Drinking fountains are not permitted in toilet rooms or in 
the vestibules to toilet rooms, but are often located in the cor-
ridor outside.

The ADA requires that one drinking fountain per floor be 
accessible. (See Figure 11.35) If there is only one fountain on 
a floor, it must have water spigots at wheelchair and standard 
heights. Accessible fountains have controls on the front or side 
for easy operation, and require clear floor space for maneu-
vering a wheelchair. Cantilevered models require space for a 
front approach and minimum knee space. Free-standing models 
require floor space for a parallel approach.

Drinking fountains are available with quick‐disconnect car-
tridge filter systems that remove lead, chlorine, and sediment 
from the water, and remove Cryptosporidium and Giardia as 
well. Safety bubblers flex on impact to prevent mouth injury. 
To address the desire to reuse water bottles, some drinking 
fountains are now made for water bottle fill‐ups.

APPlIAnces And equIPment
Although such appliances as dishwashers and clothes washers 
are not usually considered to be plumbing fixtures, we are includ-
ing them here as an aid to interior designers, who frequently as-
sist clients in selecting them, and who locate them on their plans.

For more information on appliances, see Chapter 16, “Electrical 
Distribution.”

Domestic hot water (DHW) heating uses a great amount of 
energy in residences, hotels, schools, restaurants, prisons, and 
other buildings. Solar hot water systems should be used wher-
ever possible.

residential kitchens
The location of kitchen appliances has a great impact on the 
layout of a residential kitchen. Some residential appliances are 
plumbed for hot and cold water and some for gas. Locate the 
kitchen near another room with plumbing if possible.

Figure 11.35 ada drinking fountain spout location 
Source: Redrawn from 2010 ADA Standards for Accessible Design 
Figure 602.5
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mm) above the floor. Touch controls, including tactile cues, 
textured surfaces, and those that follow burner configura-
tions help.

residential Appliances
Water supply is required for equipment such as sinks, dishwash-
ers, steam ovens, coffee systems, hot water dispensers, refrig-
erator water filtration systems, icemakers, or pot filler faucets. 
Evaluate water delivery adequacy for intended appliances.

Dishwashers and clothes washers have relatively simple 
plumbing requirements. Both dishwashers and clothes washers 
use vacuum breakers to prevent clean and dirty water from mix-
ing. Be sure to leave adequate space for access, especially in 
front of front‐loading machines.

For remodeling projects, check whether existing fixtures can be 
removed and reinstalled or relocated. Check whether new fix-
tures can be installed in old locations with old plumbing lines, or 
if new lines and fittings are needed. Where its use is permitted 
by codes, flexible PEX water supply plumbing makes it much 
easier to reposition fixtures.

The EPA estimates that a faucet that loses one drop of wa-
ter per second can waste 3000 gallons (11,356 L) of water in 
a year. Select high quality fittings, fixtures, and appliances that 
are easy to maintain and less likely to develop leaks.

Kitchen appliances vary in width, and dimensions for 
specified equipment should be verified. However, preliminary 
appliance widths are helpful to use in early stages of kitchen 
planning. (See Table 11.8)

surfaces make comprehension more difficult. Intelligent appli-
ance controls such as programmed favorites and smart options 
help.

For people with decreased strength, stamina, and balance, min-
imum passage clearances, compact work triangles, and continuous 
counters can provide support in a small kitchen. A person using a 
mobility aid needs more generous spaces that avoid sharp turns.

Generally, wheelchair users prefer a perpendicular ap-
proach to a parallel approach. Avoid putting a sink in a corner, 
except when there is open knee space at least 30" (762 mm) 
wide for a seated user, and preferably 36" (914 mm) wide to be 
used as a leg of a T‐turn.

For wheelchairs, a turn circle is preferred, but a T‐turn may 
be easier to plan in a kitchen. Where paths are at right angles, 
at least one should be 42" (1067 mm) for a wheelchair to turn. 
Check the measurements required for a specific client.

The ability to sit at a sink or prep area is often welcome. 
Open knee space under the counter adds flexibility, and can 
also be used to house a waste bin, chair, or step stool.

The height of the counter can be designed to fit the user, 
typically 27" to 34" (686 to 864 mm); the landing space on each 
side should be the same height. A sink depth maximum 6½" 
(165 mm) works best.

A garbage disposer uses knee space under a sink. A compact 
model may be able to be offset to the side to leave more open 
space.

Cooking surface and ventilation controls can be offset 
toward the room for easy operation, at a height appropriate 
for the cook, typically between 15" and 44" (381 and 1118 

Table 11.8 PreliMinary KiTcHen aPPliance WidTHS
applicance Type range of Widths (mm)

KItchen sink Single bowl 30" to 33" (762 to 1524)

Double bowl Up to 48" (1219)

Triple bowl Up to 60" (1524)

Dishwasher Standard 24" (610)

Compact or portable 18" (457)

Single drawer 24" (610)

Range Standard electric 30" (762)

Standard gas 36" (914)

Smaller sizes 12" to 24" (305 to 610)

Refrigerator Side‐by‐side 30" to 36" (762 to 915)

French door bottom freezer 29" to 35¾" (737 to 908)

Top mounted freezer 23¼" to 35¾" (591 to 908)

Bottom freezer 29" to 35¾" (737 to 908)

Compact 14" to 24" (356 to 610)
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Newer dishwashers with improved insulation are quieter. Speci-
fy a quiet model, especially for people with hearing loss.

cooktoPs And rAnges
Surface cooking appliances should be located adjacent to or 
across from the sink center, with a clear and uninterrupted path. 
Due to the risk of scalding, burns, or fires, do not place surface 
cooking equipment below an operable window, where it is un-
safe to reach over hot pots. A minimum 15" (381 mm) landing 
area should be provided on one side of the cooking surface, and 
minimum 12" (305 mm) on the other, so that pot handles can be 
turned away from the traffic flow.

Follow manufacturer’s clearances for the distance between 
the cooking surface and the wall. Wall materials should be fire-
retardant and easy to clean. Large professional or cast iron 
ranges may require structural reinforcement for floors to sup-
port their weight.

Locating controls at the back of the range or cooktop 
should be avoided to keep from reaching over hot surfaces. 
However, locating them on the front may tempt small children. 
Controls on the top at one side improve access for most users.

Range types include free-standing, drop‐in, slide‐in, inte-
grated, and professional style ranges. They may use electric, 
natural gas, or propane for fuel.

Cooking appliances designed for commercial use should 
not be used in a residential kitchen. Their high heat levels and 
difficult venting arrangements make them dangerous. Profes-
sional style ranges look like professional equipment and are 
high performance, but are typically permitted under residential 
code requirements.

A range with an oven results in a low oven location and 
the door becomes an obstacle, especially for short or seated 
cooks. Some ranges have a smaller oven just under the cook-
top. Models are available with two equal‐sized ovens.

induction cooktops with an automatic temperature sen-
sor and shut off reduce the risk of fires and burns for most peo-
ple. A mapping feature activates the cooking surface according 
to the size of the pan used. The surface itself gets warm but 
not hot; heat only occurs where it is reflected back from a pan.

kItcHen ventIlAtIon systems
The IRC requires that range hoods discharge to the outdoors 
through a duct that does not terminate in an attic or crawl space 
or inside the building. There is an exception for properly in-
stalled listed and labeled ductless range hoods where mechani-
cal or natural ventilation is otherwise provided.

The ventilation systems should be matched with the features 
of the cooking appliance, following manufacturer’s specifications. 
Range hood are typically located over the cooking surface, ide-
ally extending past it by at least 3" (76 mm) on both sides. They 
should be placed a minimum of 24" (610 mm) above the cooking 
surface; this minimum height could place the bottom of the hood 
at 60" (1524 mm), which may be too low for a tall person. The 
hood should be made of fire-resistant, nonflammable materials.

kItcHen sInks And FAucets
Kitchen sinks may have one, two, or three integral, self‐rim-
ming, or undermounted bowls. Materials include enameled 
cast iron, composite granite or quartz, solid surfacing, or 
stainless steel.

The kitchen sink should be located in a central, accessible 
spot near major cooking and refrigerator storage areas. Kitch-
en sinks have traditionally been located with a window view, but 
this may be less important when a dishwasher is used. There 
should be a landing area (counter) at least 6" (152 mm) deep and 
totaling between 28" and 48" (711 and 1219 mm) wide, located 
adjacent to the sink.

Kitchen sinks are equipped with water shutoff valves. Con-
sider locating a central shutoff in or near kitchen to control mul-
tiple appliances in the entire area.

An auxiliary sink is useful where there is more than one 
cook. When close to the serving or dining area, a sink plus a 
dishwasher can serve as a cleanup area. With a knee space, a 
sink at a lower height can be used by a seated person. An auxil-
iary sink should have landing areas of at least 18" (457 mm) on 
one side and 3" (76 mm) on the other.

Faucets with one or two handles or gooseneck sprays are 
available. The easier it is to turn a faucet on and off, the less 
water is wasted. Touch control operates with a light touch any-
where on a large area of the faucet. A leaning bar faucet control-
ler below the edge of a sink counter is another option.

dIsHwAsHers
Dishwashers are available in a variety of types. Features include 
adjustable shelves, electronic or hidden controls, flatware 
trays, multiple racks, special cycles, and stem storage. Look 
for speedier cleaning cycles, quieter running, and power‐scrub-
bing features for heavily soiled items. The interior finish may be 
plastic or stainless steel.

Conventional built‐in dishwashers are permanently installed 
underneath a counter and connected to a hot water supply, 
drain, and electricity. Compact dishwashers are available for 
small kitchens. Portable dishwashers on wheels and countertop 
dishwashers get water from the kitchen faucet. Single or double 
dishwashing drawers slide out.

For information on water use by dishwashers, see Chapter 9, 
“Water Supply Systems.”

The dishwasher should be placed within 36" (914 mm) of 
the cleanup sink. Although dishes do not need to be rinsed first, 
many users prefer to do so before putting them in the dish-
washer. The counter above a built‐in dishwasher makes a conve-
nient landing area. Storage for dishes, glassware, and flatware 
should be nearby.

The open dishwasher door can become an obstacle to work 
flow. A 30" by 48" (762 by 1219 mm) clear floor space should be 
provided adjacent to dishwasher door.
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A location between the sink and refrigerator works well for these 
tasks plus some food preparation. Microwaves used for major 
cooking tasks can be located between the sink and a cooking ap-
pliance surface to combine a cooking area and prep area.

The ideal height for installation of a microwave is debatable. 
The location of a microwave should be tailored to its intended 
use and to the user’s dimensional requirements.

Placing a microwave over a range saves counter space, but 
may be too high for some users, and may have an inadequate 
ventilation system. When locating a microwave with a wall oven 
in a cabinet, consider the cook’s height.

A 15" (381 mm) landing area should be provided above, be-
low, or adjacent to the microwave. Door handles are usually on 
the right, so this is the best side for the landing area.

reFrIgerAtors And Freezers
Refrigeration units are always on, so they use significant 
amounts of energy. Selection should be based on volume, ac-
cess requirements, and the parameters of the space. Consider 
how noisy the refrigerator is as well.

Refrigerators are accessed frequently for storage of fresh 
and frozen foods. They are often placed at the end of the kitchen 
work area. The refrigerator door should be able to open more 
than 90 degrees for storage and cleaning.

Refrigerator types vary in door and freezer location. (See 
Table 11.10) Refrigerator installation can be free-standing, 
boxed or built‐in, integrated with cabinetry, under‐counter, with 
decorative panels, or professional style. Older homes may not 
be able to support the weight of an oversized refrigerator and 
are likely to require structural reinforcement.

Features available with refrigerators include adjustable 
shelves, humidity controlled compartments, icemakers, door 
ice dispensers, mini‐doors, and temperature controlled com-
partments. Water dispensers inside or outside can filter water; 
they are convenient, but lower the energy efficiency rating. In-
ternet‐connected refrigerators aid home care and monitoring, 
and reduce maintenance issues.

There should be a prep area 36" (914 mm) wide next to the re-
frigerator. Locate a landing area a minimum of 15" (381 mm) wide 
on the door‐handle side so the door is not in the way when open.

See Chapter 13, “Indoor Air Quality, Ventilation, and Moisture 
Control,” for more information on residential ventilation systems.

A proximity ventilation system may be part of the cook-
ing appliance or within the counter next to or behind it. These 
locations allow the space above the appliance to remain open. 
A cabinet or other flammable object placed above the cooktop 
with proximity ventilation should be a minimum of 30" (762 mm) 
above the cooking surface; a minimum of 24" (610 mm) is ad-
equate for a protected fire‐resistant surface.

Proximity or downdraft ventilation or a shallow, retractable 
overhead hood with eased or radius edges reduce the risk of 
head collision by tall people and those with visual disabilities. In‐
line and remote motors can be used to control ventilation noise 
levels. Electronic sensor controls are available for turning the 
exhaust on or off. Remote switching for ventilation is available.

ovens
Placing an oven with a range in the primary cooking center 
allows easy observation and saves space in a small kitchen. 
An oven located below a cooking surface is at an inconvenient 
height for many people. The door of an oven should not open 
into a traffic path. Locating a single oven with its bottom at 
30" to 36" (762 to 914 mm) above the finished floor makes it 
easier to transfer food to a counter at a similar height. For dou-
ble ovens, the lower oven will be at a height similar to a range 
oven. Some larger kitchens accommodate two separate ovens 
at comfortable heights. Controls should be no higher than 48" 
(1219 mm), but high enough to reduce bending.

A 15" (381 mm) landing area should be placed on either side 
of the oven. If located across from the oven, the landing area 
should be within 48" (1219 mm) of the front of the oven, without 
crossing any major traffic path.

Ovens are available in a great variety of sizes, shapes, func-
tions, and door designs. They may have conventional knobs or 
electronic controls. Technology‐related intelligence is rapidly 
developing.

Built‐in ovens can be single or double, with wall or under-
counter installation. A conventional oven relies primarily on ra-
diation from the oven walls. A convection oven uses fans to 
circulate air around food, cooking more evenly in less time at 
lower temperatures. A steam oven has a water reservoir that 
begins the baking process for faster cooking, lower fat content, 
and more vitamin retention. Combined convection and steam 
ovens are available. Speed cooking combines a microwave with 
a convection oven, allowing it to be used as a separate oven or 
a microwave. (See Table 11.9)

mIcrowAve ovens
More than 90 prevent of US households use microwaves for 
food preparation, heating frozen or leftover foods, or as a major 
cooking appliance.

Microwaves that are intended primarily for heating leftovers 
or defrosting frozen food can be located next to the refrigerator. 

Table 11.9 TyPeS oF MicroWaVe aPPlianceS
Type description

Countertop Free-standing, on wall cabinet shelf, or 
base cabinet with open space around it to 
dissipate heat.

Over‐the‐range Vents in front remove heat and particles 
from cooking surface.

Over‐the‐counter Mounted on wall with wall cabinets 
adjacent. Do not block vents on bottom.

Built‐in In base or tall cabinet. Trim kit helps vent 
heat out front.

Drawers Built‐in units under counter.
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drums. Depending on the joist spacing, noise can travel to other 
parts of the home. Some manufacturers recommend extra floor 
support for weight and vibration. An alternative to installing ad-
ditional joists is to use a thicker subfloor; however, this may 
affect door clearances.

A floor drain to handle overflow from the washer requires a 
recessed or sloped floor and connection to the building drain and 
waste system. An alternative may be to add a clothes washer 
overflow tray.

clotHes wAsHers And dryers
A clothes washer requires water supply and drain piping and an 
electrical connection. A floor drain is also a good idea. A dryer 
needs an electrical supply, and for gas equipment, a gas con-
nection and exhaust ventilation. Some of these can be difficult 
to retrofit in a renovation. A vacuum breaker prevents siphon-
age at clothes washers, where pumps can force wastewater 
into the drain line.

Manufacturer product specifications typically require vinyl, 
rubber, or other moisture‐resistant flooring under laundry equip-
ment. Utility service requirements for washers and dryers are 
specified by the manufacturer and may be controlled by local 
building codes.

A full‐sized load for a standard clothes washing machine 
uses around 40 gallons (152 L) or less. High‐efficiency (He) 
washing machines are designed to save energy, but may have 
longer cycle times. High‐efficiency front‐ or top‐loading washing 
machines use from 15 to 30 gallons (57 to 114 L). Adjustable 
water levels allow less water to be used with smaller loads.

Clothes washers and dryers vary in size. A typical North 
American model of washer or dryer is 27" to 29" (686 to 737 
mm) wide, and 25" to 32" (635 to 813 mm) deep. Most are 
around 36" (914 mm) high, but some are up to 45" (1143 mm) 
high. European models tend to be smaller. Taller machines may 
make it difficult for shorter people to retrieve laundry.

Both front-loading and top-loading washers and dryers are 
available. Allow adequate clearance in front of washers and dry-
ers for laundry baskets and users. (See Figure 11.36)

Door swing direction affects moving laundry from washer 
to dryer. Some top‐loading washers have doors hinged at the 

Stand‐alone freezers are sometimes located in the base-
ment. A convertible freezer/refrigerator provides frost‐free 
operation and a cooling system that allow conversion from a 
freezer to a refrigerator with the push of a button to provide 
extra refrigerator space.

laundry Areas
The process of collecting, sorting, washing, drying, folding, and 
distributing laundry requires careful planning if it is to be done effi-
ciently and comfortably. A laundry sink is useful for diluting laundry 
products, pre‐rinsing stains, and hand washing or soaking soiled 
items. An extra deep utility‐type sink may not be required; a small 
sink may work quite well. A gooseneck or pull‐out faucet will allow 
bulky items to fit under it. Touch or automatic controls are helpful.

Locating a laundry area in or near the bathroom saves time 
and the effort of carrying dirty clothes. With plumbing nearby, 
installation is easier and less expensive. A clothes washer can 
also be located in or near a kitchen.

Space should be allowed in the laundry area for moving, 
turning, bending, and twisting while moving the laundry. There 
needs to be space for a laundry basket or cart. A clear space 
30" (762 mm) wide and 42" (1067 mm) deep is recommended 
in front of a washer or stacked washer/dryer. Clearances can 
overlap is appliances are placed at right angles or across from 
each other. Increase clearances for clients using mobility aids 
such as a wheelchair or cane.

Remember to check the door swing clearance for front‐loading 
kitchen and laundry appliances.

lAundry equIPment InFrAstructure
Installing laundry equipment above a finished basement or on 
an upper floor can create vibration problems from their spinning 

Table 11.10 reFrigeraTor TyPeS
Type description

Side‐by‐side Smaller doors, with storage at any 
reach level.

Top mount freezer More convenient and economical for 
some users.

Bottom mount freezer Freezer at seated height.

French door 
refrigerator/freezers

Smaller doors, plus freezer drawer at 
bottom.

Column refrigerator Full height compartments sized for 
specific use.

Drawer refrigerator May be difficult to lift items from 
drawer. Shallower, higher drawer 
above another drawer is available.

Modular units All refrigerator, all freezer, mixed 
refrigerator and freezer drawers

Figure 11.36 laundry equipment clearances
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integrated controls and reduced capacity are good for a sec-
ond laundry area or for a smaller household. Combination 
laundry machines combine a washer and dryer in a single 
unit.

Washers are connected to plumbing, and dryers have both 
plumbing and ventilation requirements. (See Table 11.11)

Check manufacturer specifications for required clearances on 
sides, front, back, and top for ventilation and equipment con-
nections for laundry equipment located in a closet, cabinet, or 
under a counter. Doors must have adequate ventilation screen-
ing or be louvered.

compressed Air
Compressed air is used in some toilet flushing systems. It 
is also used to power portable tools, clamping devices, and 
paint sprayers. An electric‐powered compressor furnishes 
compressed air that is supplied through pipelines for use in 
workshops and factories. Air‐powered tools tend to be cheaper, 
lighter, and more rugged than electrical tools.

This concludes our look at water and waste systems. In 
Part V, "Heating, Cooling, and Ventilation Systems," we con-
sider how buildings keep us comfortably warm or cool, and 
how that affects their design and energy use.

back. Front‐loading appliances with front controls are best for 
access within the universal reach range.

Lint in exhaust air can create problems. Adding lint filters 
requires regular maintenance, without which lint can clog the 
exhaust vent and create a fire hazard.

Not all washers and dryers are designed to be stacked. 
Check the models’ specifications to make sure that stack-
ing is an option. Careful planning of water connections, shut 
offs, and dryer venting is required for stacked laundry equip-
ment. Smaller stacked washer and dryer combinations with 

Table 11.11 TyPical laundry PluMbing 
requireMenTS
equipment Plumbing and Ventilation

Clothes Washer Check distance from water supply to 
washer, and water pressure required. 
Requires vented drain.

Electric Clothes Dryer Exterior ventilation for dryer exhaust 
outlet. Distance from dryer to outside 
depends on number of elbows. Cold 
water supply if has steam feature.

Gas Clothes Dryer Natural gas or LP connection. 
Exterior ventilation for dryer exhaust 
outlet. Cold water supply if has 
steam feature.
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Part

V
Heating, Cooling, and 
Ventilation SyStemS 

Heat is a form of energy that flows from a point at one temperature to another point 
at a lower temperature. When we are able to give off heat and moisture at a rate 
that maintains a stable, normal body temperature, we achieve a state of thermal 
comfort, the result of a balance between the body and its environment.

Architects and engineers use heating and cooling systems to provide clean air 
and control thermal radiation, air temperature, humidity, and airflow. These systems 
also help control fire and influence the thermal qualities of surfaces and acoustic 
privacy. Engineers are directly concerned with measureable environmental factors 
that affect thermal comfort, such as air temperature, surface temperature, air motion 
and humidity. We will be looking at these factors in Part V of this book.

Chapter 12, “Principles of Thermal Comfort,” describes the conditions that 
comprise thermal comfort and the principles of heat transfer. It also addresses 
the thermal capacity and resistance of materials, and looks at the mechanical 
engineering design process.

Chapter 13, “Indoor Air Quality, Ventilation, and Moisture Control,” looks at the 
requirements for indoor air and the role of ventilation and infiltration. Humidity 
and moisture control issues are also discussed.

Chapter 14, “Heating and Cooling,” addresses the basics of heating, cooling, and 
HVAC systems and equipment.

The siting, orientation, and construction assemblies of a building 
should minimize heat loss to the outside in cold weather and minimize 
heat gain in hot weather. Any excessive heat loss or gain must be 
balanced by passive energy systems or by mechanical heating and 
cooling systems in order to maintain conditions of thermal comfort for 
the occupants of a building. While heating and cooling to control the 
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air temperature of a space is perhaps the most basic and necessary 
function of a mechanical system, attention should be paid to the other 
three factors that affect human comfort—relative humidity, mean 
radiant temperature, and air motion. (Francis D.K. Ching, Building 
Construction Illustrated, Fifth Edition, Wiley ‐2014, page 11.06)
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Thermal comfort occurs when body temperatures are held 
within narrow ranges, skin moisture is low, and the body’s ef-
fort of temperature regulation is minimized. Thermal comfort 
is affected by personal factors such as our body’s metabolism 
and the clothing we wear. We can choose to move to a more 
comfortable place or consume warm or cold foods to control 
our thermal comfort.

“Factors affecting human comfort include air temperature, 
relative humidity, mean radiant temperature, air motion, air pu-
rity, sound, vibration, and light. Of these, the first four are of 
primary importance in determining thermal comfort.” (Francis 
D.K. Ching, Building Construction Illustrated, Fifth Edition, Wiley 
2014, page 11.04)

Interior designers are skilled at manipulating the psychologi-
cal factors affecting thermal comfort. By working with color, tex-
ture, sound, light, movement, and scent, interior designers create 
spaces that support the thermal, spatial, and other sensory com-
fort of users. Their understanding of heating and cooling systems 
encourages good communication with architects and designers 
and aids in the Leadership in Energy and Environmental Design 
(LEED) certification process.

IntroductIon
Thermal comfort is the thermal transfer from our bodies to the 
surrounding environment at the same rate that we generate ex-
cess heat without undue stress. A building’s heating system 
is not designed to create an overall net flow of heat into the 
human body, but rather adjusts the thermal characteristics of 
the indoor environment to reduce the rate of heat loss from the 
body to a comfortable level. In hot weather, the building’s cool-
ing system increases the body’s rate of heat loss.

A building’s interior thermally interacts with its surround-
ings through heat transfer through the building envelope. Heat 
transfer is also the mechanism by which mechanical heating 
and cooling equipment delivers thermal comfort.

Heat transfer through the building envelope is introduced in 
Chapter 2, “Designing for the Environment.”

Building designers analyze the heat flow characteristics of 
the building environment to enable them to control heat gain 
and loss by the construction, orientation, and use of building 
materials. They compare the desired indoor temperature with 
average climate conditions to estimate the building envelope’s 
ability to control thermal transfer and regulate interior condi-
tions for thermal comfort.

History
When energy was cheap and plentiful prior to the 1970s, build-
ing designers lowered first costs of building construction by 
minimizing roof and wall insulation and using heating, ventilating, 
and air conditioning (HVAC) mechanical equipment to make the 
building comfortable. Increasing fuel costs resulted in energy 
becoming one of the largest expenses in a building’s operating 
budget; this led to increased spending on construction to avoid 
future energy costs. Buildings that cannot be retrofitted for energy 
efficiency are destined to have shorter lives.

Today, energy conservation is a primary issue in building 
design and operation. By integrating an awareness of building 
heat‐flow characteristics, the designer can conceptualize an 
energy‐efficient building from the start of the design process. 

12
Principles of thermal comfort 
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This leads to less reliance on mechanical systems, resulting in 
lower costs, less maintenance, and less energy expense.

Better isolation of the building interior from adverse out-
side conditions leads to better control over occupant comfort. 
Although some energy conservation strategies are at the ex-
pense of comfort, building design today strives for a balance 
among initial costs, energy costs, and comfort.

tHermal comfort
Factors affecting satisfaction with the thermal environment in-
volve complex and subjective responses to many interacting 
variables. Engineers measure environmental factors including 
air temperature, radiant temperature, air motion, and humidity. 
Factors that affect a building occupant’s thermal comfort in-
clude metabolism, clothing, location, and consumption of warm 
or cold foods. In addition, psychological factors such as color, 
texture, sound, light, movement, and aroma play a part.

Interior designers are particularly capable of addressing the 
psychological factors affecting thermal comfort, which are ad-
mittedly difficult to quantify.

ASHRAE’s Standard 55‐2010—Thermal Environmental Condi-
tions for Human Occupancy defines the range of indoor thermal 
environmental conditions acceptable to a majority of occupants. 
The standard accommodates an increasing variety of design so-
lutions intended both to provide comfort and to respect the need 
to design sustainable buildings.

Thermal comfort indices are very important for effective 
control of the thermal environment using no more energy and 
equipment than necessary. Common recommended conditions 
include new effective temperature, dry‐bulb temperature, rela-
tive humidity, and air velocity. (See Table 12.1)

New effective temperature is an indicator of discomfort 
or dissatisfaction with the thermal environment. It is experimen-
tally determined from dry‐bulb temperature, humidity, radiant 
conditions, and air movement at specific conditions. The dry 
bulb temperature of a gas or mixture of gases is the tempera-
ture taken with a dry bulb that is shielded from radiant exchange, 

such as the familiar wall thermometer. It may be the most im-
portant determinant of comfort. Relative humidity (introduced in 
Chapter 1) is the amount of water vapor present in air expressed 
as a percentage of the amount needed for saturation at the 
same temperature. Mean radiant temperature (MRT) (introduced 
in Chapter 2) evaluates the way an interior space and its furnish-
ings radiate and emit heat to a human body in a given location. 
To achieve the maximum range of activity in which people feel 
comfortable, engineers minimize dry‐bulb temperature and rela-
tive humidity (RH), while compensating with an MRT sufficient to 
maintain comfort.

See Chapter 2, “Designing for the Environment,” for more in-
formation on relative humidity and mean radiant temperature 
(MRT).

Comfortable room air temperatures in a residence can 
range from 68° to 75°F (20° to 24°C) (See Table 12.2) People 
engaged in physical work need lower effective temperature than 
sedentary people. Spaces for very active, ill, or nude persons 
may require considerably different conditions for comfort.

designing for thermal comfort
Buildings commonly deal with thermal radiation in two distinct 
parts of the electromagnetic spectrum. Solar radiation is emit-
ted at many thousands of degrees temperature and composed 
of relatively short wavelengths. Thermal radiation coming from 
most terrestrial sources such as sun‐warmed floors, warm 
building surfaces, or human skin is emitted at much lower tem-
peratures and much longer wavelengths.

tHermal radIatIon
Thermal radiation can be manipulated by controlling sun pen-
etration, using thermal insulation inside walls and ceilings, 
insulating windows with multiple layers of glass or window 
treatments, and heating large floor or ceiling surfaces. Ther-
mal radiation can also be increased by heating small surfaces 

Table 12.1 CommoN DesigN CoNDiTioNs for 
ComforT
Design Condition recommended level

New effective temperature (ET) 75°F (24°C)

Dry‐bulb temperature Equal to mean radiant 
temperature (MRT)

Relative humidity (RH) 40% (20% to 60% range)

Air velocity Less than 40 fpm (02.m/s)*

*fpm = feet per minute, m/s = meters per second

Table 12.2 sample ComforTable room air 
TemperaTures
Type of space summer Winter

Residential 74° to 78°F (23° to 
26°C)

68° to 72°F (20° to 
22°C)

Bathrooms, 
showers

75° to 80°F (24° to 
27°C)

70° to 75°F (21° to 
24°C)

Restaurants 72° to 78°F (22° to 
26°C)

68° to 70°F (20° to 
21°C)

Retail stores 74° to 80°F (23° to 
27°C)

65° to 68°F (18° to 
20°C)
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such as electric filaments, ceramic tiles, metal stoves, or fire-
places to high temperatures.

Thermal discomfort may exist if one part of the body is 
warm and another is cold. Noticeably uneven radiation from hot 
and cold surfaces, temperature stratification in the air, wide 
disparities between air temperature and MRT, chilly drafts, con-
tact with warmer or cooler floor surfaces, or other factors can 
generate local discomfort.

Direct sunlight from large windows or skylights necessitates 
lower room air temperature along with shading and window 
treatments.

temPerature ScaleS and deSIgnatIonS
Heat energy is a result of the vibratory motion of molecules. 
Temperature is an indication of the intensity of heat energy. It 
is designated in degrees Fahrenheit (F), Celsius (C), and Kelvin 
(K). (See Table 12.3)

absolute zero represents no thermal energy and no mo-
lecular motion. Above absolute zero there is some thermal en-
ergy in proportion to the temperature. In the Kelvin scale, 0° 
equals absolute zero.

Engineers use the MRT or operative temperature to help 
determine the amount of supplementary heating or cooling 
needed in a space. (See Table 12.4)

mean radIant temPerature (mrt)
Mean radiant temperature (MRT) control is critical to achiev-
ing thermal comfort because it measures how the human body 
receives radiant heat from or loses heat by radiation to the sur-
rounding surfaces. The MRT is the weighted average of tem-
peratures of all surfaces in a direct line of sight of the body. 
Because infrared (IR) radiation spreads out, moving closer to 
a radiant source increases MRT warmth. The MRT is the sum 
of the temperatures of the surrounding walls, floor, and ceiling 
of a room, weighted according to the way that the IR radiation 
spreads out.

The MRT varies with the location where it is measured within 
a space, and calculations are complex. It is lowered by mov-
ing closer to a cold surface, and tends to stabilize near room 
air temperature. Space‐defining interior elements tend to be at 
the interior air temperature unless they are located along the 
building perimeter, when they will have a surface temperature 
between the interior air temperature and the exterior air tem-
perature. MRT is also affected by large glass areas, the degree 
of insulation, hot lights, and other factors. Window shading and 
better‐insulated windows can greatly affect MRT. If the MRT is 
10°F (5°C) hotter or colder than comfortable room air condi-
tions, an occupant will tend to feel uncomfortable.

With a high MRT in winter, air temperatures can be some-
what lower. In summer, a building with high thermal capacity is 
likely to have cool interior surface temperatures, allowing com-
fort at higher air temperatures.

MRT is not a sufficient measure of thermal comfort in itself. 
There must be a balance of temperatures of surfaces to which 
body is exposed to prevent excessively rapid gains or losses 
from any one area of body. Conditions also must be balanced 
among heat gains by convection, conduction, and evaporation.

HumIdIty
Humidity is the amount of water vapor in a given space. Rela-
tive humidity is commonly used in weather forecasts. Along 
with absolute humidity, specific humidity, degree of saturation, 
and percentage humidity, it is used by engineers as well. (See 
Table 12.5)

For more information on humidity, see Chapter 13, “Indoor Air 
Quality, Ventilation, and Moisture Control.”

aIr movement
Air movement significantly affects body heat transfer by con-
vection and evaporation. It results from natural and forced con-
vection along with the occupants’ body movements. The faster 
the motion, the greater the rate of heat flow by both convection 
and evaporation.

Natural convection over the body surface results in contin-
ual dissipation of body heat at ambient temperatures within ac-
ceptable limits. At higher ambient temperatures, velocity must 
be increased with fans or other means.

Table 12.3 TemperaTure sCales
scale Description

Fahrenheit (F) Scale with freezing at 32° and boiling at 
212°; used in US

Celsius (C) Scale based on 0° to 100°; used in most 
countries

Kelvin (K) Uses absolute zero; not referred to as 
degrees; measure of color temperature

Table 12.4 TemperaTure DesigNaTioNs
Designation Description

New effective 
temperature

Experimentally determined from dry‐bulb 
temperature, humidity, radiant conditions, 
and air movement at specific conditions.

Operative 
temperature

Average of the dry‐bulb temperature and 
the MRT.

Dry-bulb (DB) 
temperature

Ambient air temperature as measured 
by a standard thermometer or similar 
device.

Wet-bulb (WB) 
temperature

Expresses the humidity of air. Measured 
by thermometer with wetted bulb rotated 
rapidly in air to cause evaporation of its 
moisture.
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Air motion also disperses body odors and air contaminants. 
Insufficient air motion results in stratification (varying air tem-
peratures from floor to ceiling) and stuffiness. Air motion that is 
too rapid results in drafts. (See Table 12.6)

Air motion is measured in feet per minute (fpm) or meters per 
second (m/s).

Limits to air motion depend on a combination of overall 
room temperature, humidity, and MRT, and the temperature 
and humidity of the moving air stream. The cooler the moving 
air stream is, relative to the room air temperature, the less 

velocity it should have. The neck, upper back, and ankles are 
most sensitive to drafts, especially when the entering air is 3°F 
(1.5°C) or more below the normal room temperature. (See Fig-
ure 12.1) Every 15 fpm increase in air movement above the 
velocity of 30 fpm is sensed by the body as a 1‐degree drop in 
temperature.

A draft is excessive air motion that produces localized 
cooling of a building. The perception of a draft depends on air 
speed, activity, and clothing. Air conditioning systems are often 
drafty. Fans have a lower dissatisfaction rate.

Concerns about drafts affect air distribution as well as ve-
locity. They affect placement of outside air openings for natural 
ventilation, radiation devices, and air registers.

For more information on air movement, see Chapter 13, “Indoor 
Air Quality, Ventilation, and Moisture Control.”

tHermal energy
Temperature measures the degree of heat intensity. A unit of 
thermal energy is the amount of energy required to cause a 
specific change in temperature of a specific quantity of a mate-
rial. The same quantity of thermal energy added to different 
quantities of the same material will result in different tempera-
tures (thermal intensities.)

Thermal quantity is measured in British thermal units (BTUs), 
calories, or Calories (kilocalories). Thermal intensity is mea-
sured as temperature in degrees Fahrenheit (F) or Celsius (C).

The British thermal unit (BTU) is used for some purposes as the 
unit of heat energy in North America. Most of the world mea-
sures heat in calories.

tHermal ProPertIeS of materIalS
Materials can be classified by their thermal properties. insu-
lators retard the flow of heat and are good thermal barriers. 
Conductors encourage heat flow and make good thermal stor-
age materials.

Thermal conductors and insulators are often used together.  
A wall may have a thermally massive inner layer with high 

Table 12.5 HumiDiTy DesigNaTioNs
Designation Description

Relative 
humidity (RH)

Amount of water vapor in an air sample at 
a particular temperature and pressure, as a 
percentage of the maximum that the sample 
could contain at saturation.

Absolute 
humidity

Density of water vapor per unit volume of 
air, expressed in units of pounds of water or 
cubic feet of dry air.

Specific 
humidity 
(humidity ratio)

Weight of water vapor per unit weight of dry 
air, given as grains per pound or pound per 
pound (kg/kg).

Degree of 
saturation

Amount of water present in air relative to 
maximum amount it can hold at a given 
temperature without causing condensation.

Percentage 
humidity

Degree of saturation multiplied by 100; a 
lower percentage indicates lower moisture 
content.

Table 12.6 oCCupaNT reaCTioNs To air moTioN
air Velocity Comments

0 to 10 fpm (0 to 0.05 
m/s)

Stagnation is evident

10 to 50 fpm (0.05 to  
0.25 m/s)

Air outlet devices usually designed 
for 50 fpm occupied areas

50 to 100 fpm (0.25 to 
0.51 m/s)

Motion evident, may be 
comfortable depending on 
moving air temperature and room 
conditions

100 to 200 fpm (0.51 to 
1.02 m/s)

Aware of air movement, may be 
acceptable if intermittent and air 
temperature and room conditions 
acceptable

200 fpm and above  
(over 1.02)

Blowing papers and hair, other 
annoyances; about 2 mph

figure 12.1 Draft sensitivity
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conductivity for thermal storage, an outer layer with the same 
properties for durability and weathering, and highly insulating, 
low‐mass material in between.

comfort range
Thermal comfort can be described as the state of mind that 
is satisfied with the thermal environment. The range of com-
fort varies with individual metabolism, physical activity, and the 
body’s ability to adjust to a wider or narrower range of ambient 
conditions. Conditions affecting comfort include light, air, ther-
mal comfort, acoustic comfort, and hygiene. Sometimes they 
are perceived by an absence of discomfort, such as tempera-
tures that are not too hot or too cold, air that is not odorous or 
stale, or the absence of uncomfortable drafts or humidity.

Interior designers have a direct impact on many of the factors 
affecting comfort, including indoor air quality, acoustics, and 
lighting.

Historically, our tolerance for a range of indoor tempera-
tures that changes with the seasons has become more limited. 
Until the 1920s, most people in the United States preferred in-
door temperatures around 68°F (20°C) in winter, and tolerated 
higher temperatures during the summer. They would save the 
cost of expensive energy in winter by wearing warmer clothes. 
Low energy costs between 1920 and 1970 led to a preference 
for year‐round indoor temperatures in the range of 72° to 78°F 
(22° to 26°C). We are now reevaluating our needs in light of 
energy savings.

In general, the comfort range that 80 percent of occupants 
would find thermally acceptable varies from 68°F (20°C) in win-
ter to 78°F (25°C) in summer. This large range is partly due to 
the extra clothing worn in winter.

Our body’s internal heating system slows down when we 
are less active, and we expect the building’s heating system to 
make up the difference. Air movement and drafts, the thermal 
properties of the surfaces we touch, and relative humidity also 
affects our comfort.

metabolISm
The complex physical and chemical processes involved in the 
maintenance of life are called our metabolism. People metab-
olize (oxidize) food, converting it into electrochemical energy 
used for growth, regeneration, and operation of the body’s or-
gans. Only about 20 percent of all the potential energy stored in 
our food is available for useful work. The remaining 80 percent 
is heat produced as a byproduct of conversion.

The rate at which our bodies generate heat is called our 
metabolic rate. Excess heat is carried away by perspiration 
evaporating off our skin. Thinner people, who have less insula-
tion, stay cooler than fatter people. A very active person gener-
ates heat at a rate more than 8 times that of a reclining per-

son. This heat production can be measured in bTu per hour 
(bTuH), or in watts. (See Table 12.7)

When the body’s heat loss increases and its internal tem-
perature begins to drop, the metabolism increases its efficiency 
to stabilize the temperature, even without additional mental or 
physical activity. As a result, all of the additional energy that is 
metabolized is converted to heat.

Our skin senses the rapidity with which objects conduct heat 
to or from the body better than it does actual temperatures. Our 
fingertips, nose, and elbows are more sensitive to heat and cold 
than other areas. Because fingertips readily detect the rate at 
which heat is being conducted away from our bodies, steel feels 
colder than wood at the same temperature as it conducts heat 
away from our fingers more quickly. (See Figure 12.2)

The hypothalamus in our brain constantly registers the tem-
perature of our blood, and seems to be stimulated by minute 
changes in blood temperature anywhere in our body. Skin sen-
sors also signal the brain with the level of heat gain or loss at 
our skin. The body controls the blood flow to our skin by con-
stricting or dilating blood vessels, or by stimulating our sweat 
glands to increase evaporation.

Our body skin temperature is around 90°F (32°C) under 
normal unstressed conditions. In winter, with less blood near 
the surface, the skin becomes an insulator, and skin tempera-
ture is much lower than in summer. Increasing blood flow to the 
skin at the body’s perimeter (vasodilation) usually means that 
more heat is lost to the surrounding environment. Decreased 
blood flow to the skin (vasoconstriction) induces the tempera-
ture at the body’s extremities to drop, reducing the body’s heat 
loss.

Table 12.7 boDy HeaT proDuCTioN
activity bTu per hour (Watts)

Sleeping 340 BTUH (100)

Sedentary work 680 BTUH (200)

Walking 1020 BTUH (300)

Jogging 2720 BTUH (800)

figure 12.2 Touch and heat conduction 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated, Third Edition, Wiley 2012, page 99

MetalWood

Heat conducted Heat conducted
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Three conditions that contribute to loss of body heat are 
air temperature, relative humidity, and air movement. Heat is 
lost by convection, evaporation, and radiation. (See Figure 12.3)

Deep body temperature remains relatively constant at 
98.6°F (37°C), but skin temperature may vary from 40° to 105°F 
(4° to 41°C), depending on surrounding temperature, humidity, 
and air velocity. When the ambient temperature in a space 
reaches 98.6° (37°C), no heat loss can occur by conduction, 
convection, or radiation. On the other hand, heat loss by evapo-
ration works best at higher temperatures.

The heat given off by a building’s occupants—their metabol-
ic heat—affects temperatures in buildings. The heat of the peo-
ple in crowded auditoriums, full classrooms, and busy stores 
warms these spaces. Small residential buildings usually gain 
less heat internally than larger office buildings housing many 
people and much equipment, and may turn on their heating sys-
tems sooner than larger buildings as outdoor temperatures fall.

IndIvIdual dIfferenceS
Thermal comfort standards make no provision for individual dif-
ferences, and there are no conditions that will produce comfort 
for all people. Individuals are normally consistent in their thermal 
preference from day to day, but preferences differ considerably 
between individuals. Comfort conditions seem to be indepen-
dent of time of day or night. Although men may feel warmer 
when first exposed to a given temperature, after one or two 
hours, their sensations approach those of women.

The level of comfort that occupants are accustomed to af-
fects their attitudes toward ambient conditions. Different peo-
ple are sensitive to different aspects of their environment. Both 
younger and older people have similar responses to thermally 
comfortable conditions. Different countries may have different 
comfort standards, due to different climate extremes and the 
relative economics of providing and operating heating and cool-
ing systems.

The differences among individuals tend to vary more than 
differences among countries. Different conventions of dress for 
men and women or style preferences among individuals can 
produce greatly different comfort environments.

The range of individual issues results in building designers 
trying to satisfy the majority of occupants and minimizing the 
number of people who will be dissatisfied. Interiors can be de-
signed with a variety of conditions within one space, allowing 
people to move to the area in which they are most comfortable. 
Sunny windows and cozy fires offer many degrees of adjust-
ment as a person moves closer or farther away. Providing local-
ized user controls is another approach.

Short‐term acclimatization is the period of time required to 
readjust to a conditioned indoor environment. A space condi-
tioned for long‐term comfort may be too cool for a person ar-
riving from a hot outdoor environment. In short‐term occupancy 
spaces such as stores or public lobbies, it is preferable to main-
tain a relatively warm, dry climate so that the perspiration rate 
changes only a small amount. For periods over one hour, it is 
recommended to reduce inside‐to‐outside temperature differ-
ence at least 5°F (2.8°C).

clotHIng
Most clothing contains small air pockets separated from each 
other. The insulating properties of clothing modify body heat 
loss and comfort. These properties are quantified in the unit of 
thermal resistance called the clo, a numerical representation 
of a clothing ensemble’s thermal resistance. A heavy two‐piece 
business suit has insulating value around 1 clo, and a pair of 
shorts around 0.05 clo.

During the heating season, the average surface tempera-
ture of an adult indoors wearing comfortable clothing is ap-
proximately 80°F (27°C). Most people lose sensible heat at a 
rate that makes them feel comfortable with a surrounding tem-
perature around 70°F (21°C). Adding 1 clo of insulation allows 
a reduction of air temperature of around 13°F (7.2°C) with no 
change in the thermal sensation.

At lower temperatures, comfort requires a fairly uniform 
level of clothing insulation over the entire body. For a person 
performing a sedentary occupation for more than one hour, the 
operative temperature should not be less than 65°F (18°C).

Conduction heat loss or gain occurs through contact of body 
with physical objects (surfaces or furnishings); clothing insulates 
the body from this contact.

tHermal conductIvIty
Thermal conductivity is the ability of a material to transmit 
heat by conduction. Materials that conduct heat rapidly may feel 
cooler to the touch than they really are, when in fact they are 
warmer than air temperature. The high thermal conductivity of 
these materials gives designers a tool for creating spaces that 
feel cooler than their surface temperatures indicate that they are.

figure 12.3 body heat loss
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PrIncIPleS of Heat tranSfer
As we noted earlier, heat energy is a result of the vibratory motion 
of molecules. One way to visualize how heat moves from one place 
to another is to think of it as the energy of molecules bouncing 
around. The bouncing of molecules causes nearby, less active mol-
ecules to start moving around too. The motion that is transferred 
from one bunch of molecules to another also transfers heat from 
the more excited group of molecules to the less excited group. 
A cold area is just an area with quieter molecules, and therefore, 
with less heat energy. A warm area is one with livelier molecules.

As long as there is a temperature difference between two 
areas, heat always flows from a region of higher temperature to 
a region of lower temperature, which means that it flows from 
an area of active movement to one of less movement. This ten-
dency will decrease the temperature and the amount of activity 
in the area with higher temperature, and increase temperature 
and activity in the area with the lower temperature. When there 
is no difference left, both areas reach a state of thermal equi-
librium, and the molecules bounce around equally.

Note that heat flows from a higher temperature to a lower 
temperature, not necessarily from a source of more heat (quan-
tity) to one of less heat. The greater the difference between the 
temperatures of the two things, the faster heat is transferred from 
one to another. In other words, the rate at which the amount of mo-
lecular activity is decreased in the more active area and increased 
in the less active area is related to the amount of temperature 
difference between the two areas. Some other factors are also 
involved, such as conditions surrounding the path of heat flow and 
the resistance to heat flow of anything between the two areas.

Scottish mathematical physicist James Clerk Maxwell 
(1831–1879) illustrated heat transfer with a drawing of a spoon 
in a teacup: (See Figure 12.4)

For instance, if we put a silver spoon into a cup of hot tea, 
the part of the spoon in the tea soon becomes heated, 
while the part just out of the tea is comparatively cool. On 

account of this inequality of temperature, heat immediately 
begins to flow along the metal from A to B. The heat first 
warms B a little, and so makes B warmer than C, and then 
the heat flows on from B to C, and in this way the very end 
of the spoon will in course of time become warm to the 
touch. The essential requisite to the conduction of heat is, 
that in every part of its course the heat must pass from 
hotter to colder parts of the body. (James Clerk Maxwell, 
The Theory of Heat, Dover Publications 2001, page 12. 
Unabridged republication of ninth edition, published by 
Longmans, Green and Co., London and New York, in 1888)

Heat energy is transferred in three ways, by radiation, con-
duction, and convection. We investigate each of these, along 
with evaporation, in upcoming sections.

thermal energy transfer
The control of a building’s thermal environment involves estab-
lishing conditions that allow occupants to lose excess body heat 
at the rate that they generate it. Heat loss or gain through the 
building envelope involves all three modes of heat transfer: con-
duction, convection, and radiation. Evaporation provides a fourth 
way in which thermal energy can be exchanged. (See Table 12.8)

For more information on thermal energy transfer through the 
building envelope, see Chapter 2, “Designing for the Environ-
ment,” where conduction, convection, radiation, and evapora-
tion are introduced.

figure 12.4 maxwell’s Teacup 
Source: James Clerk Maxwell, The Theory of Heat, Longmans, Green and 
Co. 1888, unabridged republication by Dover Publications 2001, page 12

Table 12.8 HeaT TraNsfer
process Heat flow 

mechanism
factors affecting 
Transfer

Conduction Heat transferred 
directly from molecule 
to molecule, within or 
between materials

Proximity of molecules 
(material density), 
surface temperature

Convection Exchange between a 
fluid (typically air) and 
a solid

Motion of the fluid 
due to heating or 
cooling; air motion, 
temperature, 
humidity

Radiation Heat flow via 
electromagnetic 
waves from hotter 
surfaces to detached, 
colder ones

Includes transfer 
across empty space 
and potentially 
great distances; 
surface temperature, 
orientation to the body

Evaporation Moisture flow 
carries latent heat 
of vaporization away 
from wet surfaces

Flow through building 
envelope and via air 
leakage; humidity, 
air motion, air 
temperature
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conductIon
As introduced earlier, conduction is the flow of heat through 
a solid material, as opposed to radiation, which takes place 
through a transparent gas or a vacuum. (See Figure 12.5) Mol-
ecules vibrating at a faster rate (at a higher temperature) bump 
into molecules vibrating at a slower rate (lower temperature) 
and transfer energy directly to them. The molecules them-
selves do not travel to the other object; just their energy does. 
For example, when a hot pan comes in contact with our skin, 
the heat from the pan flows into our skin. Conduction is respon-
sible for only a small amount of the heat loss from our bodies. 
When the object we touch is cold, like an iced drink in a cold 
glass, the heat flows from our skin into the glass. Conduction 
can occur within a single material, where there is a temperature 
difference across the material. The rate of transfer is directly 
proportional to temperature difference, surface area, and mate-
rial conductance.

The ability of materials to conduct heat differs consider-
ably. Poorer conductors are insulators, such as wood, plastics, 
gases, and ceramics. Air is a gas with spread‐out molecules, 
so it minimizes conduction. For a material of given conductivity, 
conductance decreases as thickness increases.

surface conductance (film conductance) is the transfer 
of heat from air to a surface or from a surface to air. Surface 
conductance of building materials is a function of both the prop-
erties of convection and radiation, and is dependant on color, 
smoothness, temperature, area, position of the surface, and 
temperature and velocity of surface air.

Thermal resistance is the reciprocal of conductance, 
and measures the insulating quality of a material. Resistance 
increases in direct proportion to the thickness of a material.

Generally, materials that are good electrical conductors are 
good thermal conductors. Glass is an exception. Although it is 
a reasonably good thermal conductor, it is often used as an 
electrical isolator.

convectIon
Convection is similar to conduction in that heat leaves an object 
as it comes in contact with something else—in this case a mov-
ing stream of a fluid (liquid or gas) rather than another object. 
Our skin may be warmed or cooled by convection when we run 
warm or cold water or air over our skin. The amount of convec-
tion depends upon how rough the surface is, its orientation to 
the stream of fluid, the direction of the stream’s flow, the type 
of fluid in the stream, and whether the flow is free or is forced. 
When there is a large difference between the air temperature 
and the skin temperature, plus more air or water movement, 
more heat will be transmitted by convection.

Convection occurs when the addition of heat to a liquid or 
gas (but not within a rigid solid) increases molecular activity, 
normally resulting in expansion of the substance and reducing 
its density. Liquid or gas particles are not held in a rigid posi-
tion, so less dense molecules are able to rise. They are then 
replaced by other, more dense molecules. As more thermal 
energy is added, the more dense molecules heat up, expand, 
become less dense, and are themselves displaced. With con-
vection, thermal energy is carried through the material by the 
movement of molecules, a process called fluid flow. Within a 
narrow air space where the friction of surrounding surfaces in-
hibits air movement, convection is limited.

Natural (free) convection currents that occur without 
wind or a fan tend to create layers that are at different tempera-
tures (stratification). forced convection occurs when a fluid 
(gas or liquid) is circulated between hotter and cooler areas 
by wind, fans, or pumps. Natural convection is not usually as 
powerful as forced airflow.

When we look at this in detail, we see that convection com-
bines conduction and fluid flow, with heat conducted between 
the region very close to a solid body and the solid itself. Fluid 
flow then rapidly transports heat to and from the boundary re-
gion by convection.

Convection always involves a medium that picks up and 
transfers heat from one location to the other. (See Figure 12.6) 
The rate of convection is a function of the surface roughness 
and orientation, direction of flow, type of fluid, and whether 
the process is free or forced. Convection is often temperature 
dependant.

radIatIon
Radiation occurs when heat flows in electromagnetic waves 
from hotter surfaces through any medium, even the emptiness 
of outer space, to detached colder ones. It has a close relation-
ship to the transfer of light. Radiant energy cannot go around 
corners or be affected by air motion.figure 12.5 Conduction



Principles of Thermal Comfort     |    213

Internal energy or molecular vibrations set up by the elec-
tromagnetic waves that emanate from the warm object carry 
energy to all bodies within a direct line of sight. The waves ex-
cite molecules of the receiving bodies, which increases their in-
ternal energy. Examples of thermal radiation include the energy 
of the sun’s rays or of hot coals in a fire.

Radiation involves the release or reception of energy in the 
form of photons. The emission of radiation occurs when mo-
lecular activity at the surface of a substance releases a photon.

Radiation that is emitted from a substance is related to its 
ability to emit radiation (emissivity), which is usually equal to 
its ability to absorb radiation (absorptivity). The emissivity and 
absorptivity of a substance will depend on the wavelength of 
the radiation.

All objects and surfaces in a room radiate thermal radiation, 
but the only net transfer of heat occurs from warm bodies to 
cooler ones. Two objects at the same temperature will radiate 
to each other, but no net transfer will take place. Radiant heat 
transfer is influenced by the exposed surface areas of the warm-
er and cooler objects. An object can simultaneously gain radia-
tion from hotter objects and lose radiation to cooler objects.

There are four possible interactions of radiation with materials —  
transmittance, absorptance, reflectance, and emittance—and 
more than one can occur at a time. (See Table 12.9) The type 

of interaction depends on the material and on the wavelength of 
the radiation. The rate of radiant transfer depends on the term-
perature differential, the thermal absorptivity of the surfaces, 
and the distance between the surfaces.

Solar radiation reflects off glass at its angle of incidence. 
(See Figure 12.7). At the other extreme, a black surface will 
absorb most of the sunlight striking it, raising its temperature. 
(See Figure 12.8)

Radiation characteristics of a material are determined by 
temperature, emissivity, absorptivity, reflectivity, and transmis-
sivity. Most materials have high emittance, but polished metal 
surfaces have low emittance. Materials that reflect visible light 
also reflect radiant heat.

Glass is mostly transparent to short‐wave radiation and 
opaque to long‐wave radiation, reflecting ultraviolet (UV) rays. 
Glass absorbs most long‐wave radiation, then reradiates it in-
ward or outward from the glass, so some long‐wave radiation is 

figure 12.6 Convection in a heated fluid

Table 12.9 iNTeraCTioNs of raDiaTioN WiTH 
maTerials
interaction Description

Transmittance Radiation passes through material and 
continues on its way.

Absorptance Radiation is converted into sensible heat 
within material.

Reflectance Radiation is reflected off material’s surface 
and diffracted from its path.

Emittance Radiation is given off by materials’ surface, 
reducing the sensible heat content of object.

figure 12.7 sunlight reflected at angle of incidence

figure 12.8 black surface absorbs sunlight
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blocked (absorbed and reradiated) by the glass. Most plastics 
used for glazing act like glass, except polyethylene, which is 
transparent to IR radiation.

Draperies that block the line of sight can also block radiant heat 
from going out a cold window.

Air is a poor absorber of radiant heat; nearly all of our bod-
ies’ radiant exchanges are with solid surfaces to which we are 
exposed. The human body gains or loses heat by radiant heat 
according to the difference between body surface (bare skin 
and clothing) temperature and the MRT of the surrounding sur-
faces. You will feel the radiated heat from a fireplace if you are 
sitting in a big chair facing the fire, but if you are behind the 
chair, the heat will be blocked. (See Figure 12.9)

As we indicated earlier, heat will continue to move from a 
warmer area to a cooler one until both objects reach the same 
temperature. (See Figure 12.10) The greater the difference in 
temperature between the two objects, the faster the heat trans-
fer will take place.

Buildings get heat in the shorter infrared (IR) wavelengths 
directly from the sun. Buildings also receive thermal radiation 
from sun‐warmed earth and floors, warm building surfaces, and 
contact with human skin, which is emitted at much lower tem-
peratures and at longer IR wavelengths.

As introduced in Chapter 2, the solar heat entering a sun-
space warms its concrete slab floor and a row of water‐filled 
drums, both of which are capable of storing large amounts of 
heat and slowly releasing it at a later time. (See Figure 12.11)

Emittance is important for cooling. In desert climates, hot 
days are followed by cool nights. The heat stored by the earth 
or by a building’s mass during the day is emitted into the cooler 
night sky. (See Figure 12.12)

air temperature and air motion
Air motion may be caused by natural convection, be mechanical-
ly forced, or be a result of the body movements of the space’s 
occupants. The natural convection of air over our bodies dis-
sipates body heat without added air movement. When tempera-
tures rise, we must increase air movement to maintain thermal 
comfort. Insufficient air movement is perceived as stuffiness, 
with the air stratifying with cooler air near the floor and warmer 
air at the ceiling.

A noticeable amount of air movement across the body 
when there is perspiration on the skin is experienced as a pleas-
ant cooling breeze. When surrounding surfaces and room air 

figure 12.9 radiation

figure 12.10 Heat transfer between objects
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figure 12.12 emittance
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temperatures are 3°F (1.7°C) or more below the normal room 
temperature, we experience that same air movement as a chilly 
draft. When the moving air stream is relatively cooler than the 
room air temperature, its velocity should be less than the 
speed of the other air in the room to avoid producing a draft. 
Air motion is especially helpful for cooling by evaporation in hot, 
humid weather.

Air passing over the skin surface affects transference of 
sensible heat to and from the body, in addition to evaporating 
moisture. The faster the rate of air movement, the larger the 
temperature difference between the body and the surrounding 
air. The larger the body’s surface area, the greater the rate of 
heat transfer.

When the air temperature is lower than the skin tempera-
ture (also taking clothing into account), the body loses heat to 
the air; when warmer, it gains heat from the air. Convection 
is increasingly effective at dissipating heat as air temperature 
decreases and air movement increases.

Water vapor and Heat transfer
Heat loss by conduction, convection, and radiation decreases 
with increasing air temperature. On the other hand, evaporative 
heat loss increases with increasing air temperature. When peo-
ple work under conditions of high temperature and extremely 
high humidity, both sensible heat loss and evaporation of mois-
ture from their skins are reduced. Consequently, the rate of 
evaporation must be increased by blowing air rapidly over their 
bodies.

evaPoratIon
Evaporation is a process that results from the three types of 
heat transfer (radiation, conduction, and convection). Evapora-
tion is vaporization that occurs below the normal boiling point 
of water. When a liquid evaporates, it removes a large quantity 
of sensible heat from the surface it is leaving. Sensible heat is 
measurable by a thermometer. It is a form of energy that flows 
whenever there is a temperature difference; it is apparent as 
the internal energy of atomic vibration within all materials. For 
example, when we sweat, and the moisture evaporates, we feel 
cooler as some of the heat leaves our body.

Latent heat and sensible heat are introduced in Chapter 2,  
“Designing for the Environment.”

Water evaporates when the internal pressure of the liquid is 
greater than the vapor pressure (not the atmospheric pressure) 
of the air. (See Figure 12.13) The process still requires the ad-
dition of latent heat.

Our bodies contain both sensible heat (most of the body’s 
heat) and latent heat (given off when perspiration evaporates). 
evaporative cooling takes place when moisture evaporates 
and the sensible heat of the liquid is converted into the latent 

heat in the vapor. We lose the water and its heat from our bod-
ies, and we feel cooler. Adding humidity to a room will decrease 
evaporative cooling, and is a useful technique for healthcare 
facilities and spaces for older people, where occupants may 
feel cold even in a warm room.

Evaporation results in body cooling only, and does not pro-
duce heat. The body’s evaporative rate is determined by the 
evaporative potential of the air. This depends primarily on the 
velocity of air motion, and also on the relative humidity. Our skin 
typically sweats only at moderate to high temperatures. The 
heat required to vaporize perspiration from the skin is drawn 
from the body.

The evaporation of moisture from respiratory passages and 
lungs is constant. Exhaled air is generally saturated (100 per-
cent relative humidity). Even at rest, our body requires around 
100 BTUH (30W) of heat to evaporate this moisture from our 
lungs into the air we inhale. Because it takes a significant 
amount of heat to convert liquid water into water vapor, the 
evaporative loss from our lungs and skin is an important part of 
disposing of body heat.

SenSIble Heat and latent Heat
Sensible heat is all about the motion of molecules; latent heat 
describes the structure of the molecules themselves. The 
latent heat of fusion is the heat needed to melt a solid ob-
ject into a liquid. The latent heat of vaporization is the heat 
required to change a liquid into a gas. When a gas liquefies 
(condenses) or a liquid solidifies, it releases its latent heat. For 
example, when water vapor condenses, it gives off latent heat. 
The same thing happens when liquid water freezes into ice. The 
ice is colder than the water was because it gave off its latent 
heat to its surroundings. Sensible plus latent heat flows added 
together equal the total heat flow.

Every material has a property called specific heat. Spe-
cific heat identifies how much a material’s temperature changes 
due to a given input of sensible heat.

A large amount of the heat of vaporization is drawn from the 
skin when sweat evaporates as sensible heat in skin is turned 
into latent heat of water vapor. As water evaporates, the air 
eventually becomes saturated, which inhibits further evaporation. 
Either air motion is required to remove some of the humid air, 
or very dry air is required to make evaporative cooling effective.

figure 12.13 evaporation
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remains liquid
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aIr motIon
Air motion increases heat loss caused by evaporation, which is 
why a fan can make us feel more comfortable, even if it does 
not actually lower the temperature of the room. This sensation 
produces apparently higher or lower temperatures by control-
ling air moisture without actually changing the temperature of 
the space.

For information on humidity and air motion, see Chapter 13,  
“Indoor Air Quality, Ventilation, and Moisture Control.”

tHermal caPacIty and 
reSIStance
Thermal capacity is the ability of a material to store heat, and 
is roughly proportional to a material’s mass or its weight. A 
large quantity of dense material (such as a large rock) can hold 
a large quantity of heat. Light, fluffy materials and small pieces 
of material can hold only small quantities of heat. Thermal ca-
pacity is measured as the amount of heat required to raise the 
temperature of a unit (by volume or weight) of the material by 
one degree. (See Figure 12.14)

Thermal capacity is introduced in Chapter 2, “Designing for the 
Environment,” in relation to building envelope design.

A material with a high thermal capacity slows down the 
transfer of heat from one side of a wall to the other. In general, 
heavier materials have higher heat capacity. Water is an excep-
tion; it has medium weight, but has a higher thermal capacity 
than any other common material at ordinary air temperatures. 
Consequently, the heat from the sun retained by a large body of 
water during the day will only gradually be lost to the air during 
the cooler night. This is why, once a lake or ocean warms up, it 
will stay warm even after the air temperature cools off.

thermal mass
Masses of high thermal capacity materials heat up more slowly 
and release heat over a longer time. For example, a cast iron 
frying pan takes a while to heat up, but releases a nice even 
heat to the cooking food, and stays warm even when off the 
burner.

Thermal resistance is a measure of a material’s resistance 
to heat flow by conduction, convection, and radiation. Materials 
with high thermal capacity have low thermal resistance. When 
heat is applied on one side of the material, it moves fairly quickly 
to the cooler side until a stable condition is reached, when the 
process slows down.

Brick, earth, stone, plaster, metals, and concrete all have 
high thermal capacity. Fabrics typically have low thermal capac-
ity. Thin partitions of low thermal capacity materials heat and 
cool rapidly, so the temperature fluctuates dramatically. For ex-
ample, a tin shack can get very hot in the sun and very cold at 
night. Insulating materials have low thermal capacity since they 
are not designed to hold heat. It is the air that is incorporated 
in the air spaces between their thin fibers that has high thermal 
capacity.

Massive constructions of materials with high thermal capac-
ity heat up slowly, store heat, and release it slowly. For example, 
a brick or stone fireplace evens out the otherwise rapid heat 
rise and fall of temperatures as the fire flares and dies. Masses 
of masonry or water can store heat from solar collectors to be 
released at night or on cloudy days.

Thermal mass and thermal lag are introduced in Chapter 2, 
“Designing for the Environment.”

tHermal lag
The operative temperature of a room may be derived from ra-
diant energy stored in thermal mass, allowing the room’s air 
temperature to even out over time. This thermal lag can help 
moderate changes and is useful in passive solar design, but 
may also mean that the room will not heat back up to the de-
sired level fast enough to suit its occupants. Heating or cooling 
the room’s air temperature more than the usual amount can 
compensate for this slow change in temperature during warm‐
up or cool‐down periods.

Only after a wall warms up substantially does heat begin 
to exit on the other side. High‐capacity materials have greater 
time lag than low‐capacity materials. There is no thermal lag 
under steady‐state conditions when temperature across a mate-
rial remains constant for a long period of time.

High thermal mass materials can be an integral part of the 
building envelope, or may be incorporated into the furnishings 
of the space. For maximum benefit, they must be within the 
insulated part of the building. A building’s envelope with a large 
amount of mass may delay the transmission of heat to the inte-
rior for several hours or even for days; the greater the mass, the figure 12.14 Thermal capacity of materials
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longer the delay. Where thermal mass is used inappropriately, 
excessively high temperatures or cooling loads may result on 
sunny days, or insufficient storage may occur overnight.

The choice of whether or not to use high quantities of ther-
mal storage mass depends on the climate, site, interior design 
conditions, and operating pattern of the building. High ther-
mal mass is appropriate when outdoor temperatures swing 
widely above and below the desired interior temperature. 
Low thermal mass may be a better choice when the outside 
temperature remains consistently above or below the desired 
temperature.

Heavy mud or stone buildings with high thermal mass, such 
as adobe structures, work well in hot desert climates with extreme 
changes in temperature from day to night. (See Figure 12.15) 
The hot daytime outdoor air heats the exterior face of the wall, 
and migrates slowly through the wall or roof toward the interior. 
Before much of the heat gets to the interior, the sun sets and 
the air cools off outside. The radiation of heat from the ground 
outside to the sky cools the outdoor air below the warmer tem-
perature of the building exterior, and the warm building surfac-
es are then cooled by convection and radiation. The result is a 
building interior that is cooler than its surroundings by day, and 
warmer by night.

In a hot, damp climate with high night temperatures, a build-
ing with low thermal capacity work best. The building envelope 
reflects away solar heat and reacts quickly to cooling breezes 
and brief reductions in air temperatures. By elevating the build-
ing above the ground on wooden poles to catch breezes, us-
ing light thatch for the roof, and making the walls from open 
screens of wood or reeds, the cooling breeze keeps heat from 
being retained in the building. (See Figure 12.16)

Buildings in cold climates typically have both high thermal 
capacity and high thermal resistance. Thick walls and insulating 
roofs, with only a few small openings, help. (See Figure 12.17)

In a cold climate, a building that is occupied only occa-
sionally (like a ski lodge) should have low thermal capacity 
and high thermal resistance. (See Figure 12.18) This will help 
the building to warm up quickly and cool quickly after oc-
cupancy, with no stored heat wasted on an empty interior. A 

well‐insulated frame coupled with a wood‐paneled interior is 
a good combination.

Where the weather is very cold with high winds, the earth 
can shelter the building and moderate temperature changes. 
(See Figure 12.19) The high thermal capacity of soil ensures that 
basement walls and walls banked with earth stay fairly constant 
in temperature, usually around 50°F (13° to 15°C) year‐round. 
Earthbound walls are not exposed to extreme air temperatures 
in cold weather. They should be insulated to thermal resistance 
values similar to the aboveground portions of the building. Bury-
ing horizontal sheets of foamed plastic insulation just below the 
soil’s surface can minimize frost penetration into the ground 
adjacent to the building.

figure 12.15 mud building in sahara desert, agadez, Niger figure 12.16 amazon indigenous building, peru

figure 12.17 Danish vernacular house

figure 12.18 a‐frame ski lodge
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A massive building can act as a heat sink, losing heat by 
convection to cool night air and by radiation to the cold night 
sky. This process does not work in very humid regions with high 
nighttime temperatures.

thermal conductivity
Thermal conductivity is the rate at which heat will flow through 
a homogenous solid. It is an important property in passive heat-
ing and cooling design. A material’s conductivity is determined 
by empirical tests, and is a basic rating for a material.

High conductivity encourages heat transfer between a solid 
material and the air. Good conductors tend to be dense and 
durable, and to diffuse heat readily. (See Figure 12.20)

Homogenous materials have uniform properties with the 
same conductivity throughout. Their total conductance or resis-
tance is determined on the basis of their thickness.

Many building materials, such as plywood and gypsum 
board, come in standard thicknesses. The heat flow of oth-
ers, such as glass blocks or concrete masonry units, may vary 
through their thickness. The heat transfer characteristics of 
composite materials are typically given in terms of overall con-
ductance or resistance.

thermal resistance
Measurements of resistance are very helpful when comparing 
insulating materials. Thermal resistance indicates how effective 
any material is as an insulator. A good insulating material resists 
the conduction of heat. The bigger the difference between the 
temperature inside and outside a building is, the faster the build-
ing gains or loses heat. Designing a building’s walls, roofs, and 
floors for the maximum amount of thermal resistance results in 
the best body comfort and the most energy conservation.

For building materials, thermal resistance is largely a func-
tion of the number and size of air spaces they contain. (See 
Table 12.10) For example, a 1" (25 mm) thickness of wood has 
the same thermal resistance as 12" (305 mm) of concrete when 
the temperature across the material remains constant for a 
long period of time (disregarding thermal lag).

If you keep air from moving by trapping it in a loose tangle 
of glass or mineral fibers, you create materials with very high 
thermal resistance. The fibers themselves have poor resistance 
to heat flow, but create resistance to air movement, and thereby 
trap the air for use as insulation. When the air is disturbed, 
this insulating property drops to about a quarter of its value. If 
air circulates within a wall, a convective flow is created, which 
transfers heat from warmer to cooler surfaces pretty quickly.

thermal feel
Earlier we looked at how our bodies perceive the movement of 
heat from warmer to cooler objects, and how our senses are 
influenced by the rapidity with which objects conduct heat to 
and from our body rather than by the actual temperatures of 
objects. Steel feels colder than wood at the same temperature, 
as heat is conducted away from our fingers more quickly by 
steel than by wood. Smooth surfaces make better contact than 
highly textured ones, resulting in better conduction of heat and 
a cooler feeling. These sensations are very useful to interior 
designers, who can specify materials that suggest warmth or 
coolness regardless of their actual temperatures.

Interior designers can use an awareness of how we perceive 
the temperature of different materials to select appropriate ma-
terials for projects. A wood edge on a tabletop will be perceived 
to be warmer than a brass edge. Some of the materials we 
like close to our skin—wood, carpeting, upholstery, bedding, 
some plastics—feel warm to the touch, regardless of their actual 

figure 12.19 earth-sheltered highway rest area, ohio

Earth berm

figure 12.20 Heat is conducted more rapidly through metal 
pan than through muffin

Table 12.10 THermal resisTaNCe of maTerials
material Thermal resistance

Metals Very low

Masonry Moderately low

Wood Moderately high

Glass Low

Air Best resistor commonly found in buildings
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temperature. We perceive materials to be warm that are low in 
thermal capacity and high in thermal resistance, and that are 
quickly warmed at a thin layer near their surfaces by heat from 
our bodies. Materials that feel cold against the body, like metal, 
stone, plaster, concrete, and brick are high in thermal capacity 
and low in thermal resistance. They draw heat quickly and for 
extended periods of time from our body because of the rela-
tively larger bulk of cooler material.

mecHanIcal engIneerIng 
deSIgn ProceSS
The decisions made by the designers of a building’s HVAC sys-
tem are crucial in determining thermal comfort, the quality of 
the indoor air, and the efficiency of energy use by the building. 
Air exchange rates affect the amount of energy used to heat or 
cool fresh air, and the energy lost when used air is exhausted. 
American Society of Heating, Refrigerating, and Air Condition-
ing Engineers (ASHRAE) requirements for ventilation include 
minimum rates for replacing previously circulated air in the 
building with fresh air.

Energy efficiency can be increased by improving building 
insulation, lighting design, and the efficiency of HVAC and other 
building equipment. The architect and engineers usually make 
the decisions on what systems to employ, but the responsibil-
ity for finding appropriate solutions depends on creativity and 
integrated efforts of the entire design team, in which the interior 
designer should play a significant role.

As an interior designer, you may rarely need to refer to the 
mechanical codes, but you should be familiar with some of the 
general requirements and terms, especially those affecting en-
ergy conservation requirements. In buildings where there is a 
minimum of mechanical work the mechanical engineer or con-
tractor may work directly off the interior designer’s drawings. 
For example, the interior design drawings may be the source 
for information in a renovation project where a few supply dif-
fusers or return grilles are being added to an existing system. In 
any event, you need to coordinate your preliminary design with 
the mechanical engineer or contractor to make sure you leave 
enough room for clearances around HVAC equipment.

The mechanical engineer, like the interior designer, is trying 
to achieve an environment where people are comfortable, and 
to meet the requirements of applicable codes. By calculating 
how much heating or cooling is needed to achieve comfort, the 
engineer develops design strategies that affect both the archi-
tecture and the mechanical systems of the building, such as the 
optimal size of windows, or the relative amounts of insulation 
or thermal mass.

The engineer will size the HVAC system components for the 
most extreme conditions the building is likely to experience, 
calculate the amount of energy used for normal conditions in a 
typical season, and adjust the design to reduce long‐term en-
ergy use. This involves considering the number of people using 
the building both seasonally and hourly, and the amount of heat 

gained or lost from the outside environment. The materials, 
areas, and rates of heat flow through the building’s envelope 
affect this calculation. Engineers also determine the amount of 
fresh air needed and may suggest window locations and other 
design elements that minimize the heat gain within the building.

Phases of design Process
The phases of the engineering design process are similar to 
those of architects and interior designers, with preliminary de-
sign, design development, design finalization and specification, 
and construction phases.

PrelImInary deSIgn
During the preliminary design phase, the engineer considers 
comfort requirements and climate characteristics and lists the 
schedule of activities that will take place in the space along with 
the conditions required for comfort. The process involves analy-
sis of the site’s energy resources and strategies to design with 
the climate. The engineer considers building form alternatives 
with the architect. He or she reviews alternatives for both pas-
sive and active building systems and the sizes of one or more 
alternatives using general design guidelines.

In smaller buildings, the architect may do the system design. 
For larger, more complex buildings, the mechanical engineers 
will work as a team with architects, landscape architects, and 
interior designers. The team approach helps to assess the value 
of a variety of design alternatives arising from different perspec-
tives. When mutual goals are agreed upon early in the design 
process, this team approach can lead to creative innovations.

deSIgn develoPment
During the design development phase, one alternative is usually 
chosen as presenting the best combination of aesthetic, social, 
and technical solutions for the building’s program. The engineer 
and architect list the range of acceptable air and surface tem-
peratures, air motions, relative humidities, lighting levels, and 
background noise levels for each activity to take place in the 
building, and develop a schedule of operations for each activ-
ity. The engineer then determines the thermal comfort zones 
for the building, establishes the thermal load (the amount of 
heat gained or lost) for the worst winter and summer conditions 
and for average conditions for each zone, and may estimate 
the building’s annual energy consumption. The engineer then 
selects and sizes the HVAC systems, identifies its components, 
and locates the equipment within the building.

deSIgn fInalIzatIon and conStructIon
The process of design finalization involves the designer of the 
HVAC system verifying the load on each component and the 
component’s ability to meet this load. Then the final drawings 
and specifications are completed. During construction, the 
engineer may visit the site to assure that work is proceed-
ing according to design and to deal with unanticipated site 
conditions.
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thermal comfort zones
The engineer establishes each of the thermal comfort zones 
with its own set of functional, scheduling, and orientation con-
cerns that determine when and how much heating, cooling, or 
ventilation is needed. (See Figure 12.21) Functional factors de-
pend on activity levels or users’ heat tolerances, and include 
the need for daylight and the affect of each function on the 
air quality of the others. Scheduling affects the need for elec-
tric lighting and the heating and cooling of unoccupied spaces. 
Orientation considerations include the degree of exposure to 
daylight and direct sun, and to wind, especially for perimeter 
spaces. Cooling for interior spaces is also considered.

The way zones for heating and cooling are set up by the 
mechanical engineer has implications for the architecture and 
interior design of the space. Zones may occupy horizontal areas 
of a single floor, or may be vertically connected between floors. 
The function of a space affects both its vertical and horizontal 
zoning. Some functions may tolerate higher temperatures than 
others. Some functions require daylight, which may add heat to 
the space, while others are better off away from the building’s 
perimeter. In some areas, such as laboratories, air quality and 
isolation is a major concern. The input of the interior designer 
can be an important component in making sure that the client’s 
needs are met.

In multistory buildings, interior spaces on intermediate 
floors—those spaces not at the building’s perimeter or on the 
top or ground floors—may be so well shielded from the build-

ing’s exterior that they may not need additional heat, and can 
be served only by cooling. The amount of electrically generated 
heat, plus that produced by human activity and other heat‐gen-
erating sources, may outweigh the cooling effect of the amount 
of outdoor air supplied by minimal ventilation, even in winter 
weather. In the summer, most of the interior cooling loads are 
generated inside the building. The perimeter areas of the build-
ing are the most weather sensitive.

Heating and cooling loads
Heating and cooling loads are the amounts of energy required 
to make up for heat loss and heat gain in the building. Buildings 
may change from losing heat to gaining heat in a short time. 
Different parts of a building may be gaining or losing heat at the 
same time. (See Figure 12.22) The rate of flow of hot or cold 
air coming into the building from ventilation and infiltration influ-
ences the amount of heating or cooling load. It is also dependent 
on the difference in temperature and humidity between the in-
side and outside air. The amount of outside air coming in is ex-
pressed in cubic feet per minute (cfm) or liters per second (L/s).

Heat loSS and HeatIng loadS
The heating load is the hourly rate of net heat loss in an en-
closed space, expressed in BTU per hour (BTUH). It is used for 
selecting a heating unit or system.

A heating load is created when a building loses heat through 
the building envelope. Convection, radiation, or conduction of 
heat through the building’s exterior walls, windows, and roof 
assemblies and the floors of unheated spaces are the main 
sources of heat loss in cold weather. Cold outside air entering a 
building through ventilation, such as an open window, or as a re-
sult of infiltration, as when air leaks through cracks in the build-
ing envelope, also add to the heating load. This heat loss places 
a heating load on the building’s mechanical system, which must 
make up heat in spaces that lose it.

figure 12.21 HVaC horizontal and vertical zoning
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For more information on ventilation and infiltration, see Chap-
ter 13, “Indoor Air Quality, Ventilation, and Moisture Control.”

Heat gaInS and coolIng loadS
Buildings gain heat from occupants and their activities. Cooling 
loads are defined as the hourly rate of heat gain in an enclosed 
space, and are also expressed in BTUH. Cooling loads are used 
as the basis for selecting an air conditioning unit or a cooling 
system.

Cooling loads represent the energy needed to offset the 
heat gained through the building envelope in hot weather or 
from hot air entering by infiltration or ventilation. People’s body 
heat, showering, cooking, lighting, and appliances and equip-
ment use also add to cooling loads.

The heat generated by lighting is often the greatest part of 
the total cooling load in a building. Most electric lighting con-
verts electrical power into light plus heat. All the electrical pow-
er that enters a lighting fixture (including that delivered initially 
as light) ends up as heat in the space. Energy efficient lighting 
sources make a big difference in the amount of heat generated 
by the lighting system.

For information on energy efficient lighting sources, see Chapter 
17, “Lighting Systems.”

Electric, gas, or steam appliances and equipment in res-
taurants, hospitals, laboratories, and commercial spaces such 
as beauty salons and restaurants release heat to interiors. 
Hoods over kitchen appliances that exhaust air may reduce heat 
gain, but the exhausted air must be replaced with outdoor air, 
which may need to be cooled. Steam or hot water pipes that 
run through air‐conditioned spaces and hot water tanks within 
spaces contribute to the cooling load.

In warm or hot weather, buildings gain heat by convection, 
radiation, and conduction through the exterior walls and window 
and roof assemblies. The amount of heat gain varies with the 
time of day, the orientation of the affected building parts to the 
sun, the exposure to the wind, and the amount of time it takes 
for the heat to reach the interior of the building (thermal lag). 
The heat gain from sun shining on windows varies with the orien-
tation to the sun and the ways the windows are shaded.

For more information on heat gain through the building enve-
lope, see Chapter 2, “Designing for the Environment.”

In hot weather, warm make‐up air enters when spaces are ven-
tilated to remove odors or pollutants. The use of a dehumidifier 
to lower relative humidity in a space adds to heat gain, due to the 
latent heat released into the space when moist air is condensed 
and the heat produced by running the dehumidifier’s compressor.

Heat gain calculations tend to be more complex than those for 
heat loss, as they take into account the sun’s position and internal 
loads. They include both sensible heat gain loads directly added 
to a building by conduction, convection, and/or radiation as well 
as latent heat associated with moisture added to the space.

Most buildings need some additional heat to warm up interior 
space after an unoccupied cold night. Many commercial build-
ings need little additional heat when only moderately insulated. 
Some traditional buildings have virtually no insulation. Residen-
tial spaces with fewer internal heat sources such as people, 
lighting, and equipment may consequently require internal heat-
ing when a commercial space would not.

Chapter 12 has described the basics of thermal comfort and 
the principles of heat transfer. We have also looked at the ther-
mal capacity and resistance of materials and the mechanical 
engineering design process. In Chapter 13, we explore indoor 
air quality, ventilation, and infiltration. The role of humidity and 
moisture control issues is also addressed.
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It is estimated that approximately 90 percent of our time is 
spent indoors. The interior environment is permeated with new 
chemicals that may produce a wide array of potential air pol-
lutants. These pollutants are emitted by synthetic products 
permanently installed in buildings, by equipment used indoors, 
and by cleaning products. Control of indoor air quality (IAQ) 
depends on limiting pollution sources and on proper ventilation. 
Moisture control is also an important part of keeping interior 
spaces healthy.

IntroductIon
Human respiration in confined indoor spaces results in air losing 
some of its oxygen and gaining carbon dioxide. Bacteria and 
viruses tend to accumulate, along with odors from sweating, 
smoking, toilet functions, cooking, and industrial processes.

All buildings need to bring in outdoor air for health 
reasons. Because we use materials that give off toxic 
components, indoor‐air quality (IAQ) has become an 
important issue. Small buildings, such as residences, 
have traditionally relied on infiltration to supply the 
needed fresh air, while large buildings have relied on a 
designed ventilation system. Because energy‐efficient 
buildings have a tight envelope, all buildings now need 
a carefully designed ventilation system, and in winter 
preheating this fresh air will save a great deal of energy. 
(Norbert Lechner, Heating, Cooling, Lighting [3rd ed.], 
Wiley 2009, page 203)

Rapid rates of air replacement are necessary in damp or 
overheated spaces or where heat and odor are generated, such 
as commercial kitchens or locker rooms. Overly high air re-
placement rates can blow objects about the room. Lower rates 
of ventilation are acceptable for most residential occupancies, 
offices with few people, warehouses, and light manufacturing 
plants.

Buildings also hold pleasant odors, such as baking bread or 
flowers. Too rapid ventilation can spoil our enjoyment of these 
desirable scents.

ASHrAE Standards and LEEd
ASHRAE Standard 62.1‐2013—Ventilation for Acceptable 
Indoor Air Quality and ANSI/ASHRAE Standard 62.2‐2013—
Ventilation and Acceptable Indoor Air Quality in Low‐Rise 
Residential Buildings are the recognized standards for ven-
tilation system design and acceptable IAQ. ASHRAE’s Indoor 
Air Quality Guide: Best Practices for Design, Construction and 
Commissioning is designed for architects, design engineers, con-
tractors, commissioning agents, and all other professionals 
concerned with IAQ.

LEED v4 standards go beyond ASHRAE Standard 62 mini-
mums. Required minimum indoor air quality performance cov-
ers both ventilation and monitoring as well as environmental 
tobacco smoke control. Points are given for enhanced IAQ 
strategies for mechanically and naturally ventilated spaces, 
low‐emitting materials, a construction IAQ management plan, 
and indoor air quality assessment.

13
Indoor Air Quality, Ventilation, 

and Moisture control 
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Indoor AIr QuALIty
ASHRAE Standard 62.1.2013 defines acceptable indoor air 
quality (IAQ) as “air in which there are no known contaminants 
at harmful concentrations as determined by cognizant authori-
ties and with which a substantial majority (80% or more) of the 
people exposed do not express dissatisfaction.” This definition 
depends more on a subjective response to comfort and health 
as well as on quantifiable data. It reflects the complexity of 
identifying contaminants and their sources in indoor air; it also 
speaks to the difficulty of diagnosing illnesses caused by con-
taminants in indoor air.

As our buildings become more tightly controlled environments, 
the quality of indoor air and its effects on our health becomes an 
increasingly critical issue. Three major reasons for poor indoor 
air quality in office buildings are the presence of indoor air pollu-
tion sources; poorly designed, maintained, or operated ventilation 
systems; and unanticipated or poorly planned uses of the building.

According to the US Environmental Protection Agency 
(EPA), in 2014, there were over 84,000 chemical substances 
manufactured or processed in the United States, most of which 
have not been tested individually or in combination for their 
effects on human health. Materials used in building, furnishing, 
and maintaining a building potentially contain many toxic chemi-
cals, some of which may become airborne.

Engineers consider four approaches when confronting in-
door air problems. These include choosing materials and equip-
ment that limit pollution at its source, isolating unavoidable 
sources of pollution, providing adequate fresh and filtered re-
circulated air, and maintaining a clean building and equipment. 
These efforts are seen as preferable to increasing airflow rates 
and energy consumption.

Flushing the building with air following construction and 
after every unoccupied weekend or holiday period to remove 
pollutants from finishes and furnishings is another option. It is 
recommended that any material assembly deemed likely to con-
tribute one‐third of a projected target for allowable concentra-
tions and used in large quantities be tested before acceptance. 
Testing may shorten or eliminate the need for flush‐out period.

Interior designers are key players in the renovation of build-
ings to new uses and to accommodate new ways of working. 
They play a significant role by specifying materials that do not 
contribute to indoor air pollution.

Research has shown that improving IAQ can have significant 
impact on health and productivity, making it cost effective.1

Illnesses related to Buildings
Efforts to conserve heat by constructing tight buildings in the 
1970s resulted in indoor air quality and sick building problems. 
As a result, building codes sought to strike a balance between 

energy efficiency and air quality. Today, careful material 
selection and ventilation make it possible to build tight buildings 
with both high energy efficiency and good indoor air quality.

Sick building syndrome (SBS) is a term that has been falling out 
of favor as a clinical diagnosis as there are typically no objec-
tive findings, but the term is still used to designate the set of 
symptoms in the context of workplace health.

BuILdIng rELAtEd ILLnESS (BrI)
Building related illness (BRI) describes a variety of recog-
nized disease entities including allergic rhinitis, asthma, hyper-
sensitivity pneumonitis, Legionanaires’ disease, and humidifier 
fever. It is characterized by objective clinical findings related 
to specific exposures in the indoor environment. BRI can be 
caused by microorganisms, including many species of bacteria 
and fungi.

Interior designers have a responsibility to make sure that 
building owners, managers and maintenance staff understand 
the original IAQ design elements and principles in order to 
ensure benefits in the future. Maintaining and monitoring the 
heating, ventilating, and air conditioning (HVAC) system reduces 
sick building risk and assures that problems are identified and 
corrected at minimum expense. The interior designer will ben-
efit by visiting the space a few months after the construction is 
finished, and again a few years later, to learn how the process 
could be improved for future projects. The feedback of an envi-
ronmental consultant is very helpful as well.

ALLErgIES And MuLtIpLE cHEMIcAL 
SEnSItIVIty
Interior designers are often being called on to help people with 
allergies or other physical sensitivities in the design of healthy, 
nonpolluting homes. Businesses too are becoming more aware 
of the cost of sick employees, and more concerned about the 
health of the indoor environment. Some interior designers have 
made environmentally sensitive and healthy design a specialty. 
As our homes and workspaces are exposed to increasing levels 
of more exotic chemicals, it becomes ever more important that 
designers have the knowledge and skills necessary to create 
safe indoor environments.

The causes, symptoms, and treatment of allergies have 
been recognized by health professionals as an immune system 
problem. Allergies to mold, household dust, and dust mite al-
lergens are quite common. Interior designers are often asked to 
consider allergies when designing residential interiors.

Multiple chemical sensitivity (MCS) is a controversial 
illness. There is no standard medical definition, diagnosis, or 
cure. The American Medical Association and the Centers for 
Disease Control do not recognize it, and scientists and doctors 
argue about whether it is a real or an imagined disorder. Disbe-
lievers claim that those who complain of chemical sensitivities 
often have a history of other problems, including depression, 
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which has led many to label MCS a psychological problem. In 
the United States, the Social Security Administration and HUD 
now recognize MCS as a disability and as a chronic condition in 
which people develop increased sensitivities to synthetic chemi-
cals or irritants.

Individuals with heightened sensitivity to materials in the 
built environment are often forced to make changes in the way 
they live and work. Interior designers who are sensitive to these 
issues can help to create safe, healthy interior spaces.

Sources of pollution
Air normally contains oxygen and small amounts of carbon di-
oxide, along with various particulate materials. Concentration 
of people in confined spaces requires the removal of carbon di-
oxide given off by respiration and its replacement with oxygen.

Air contaminants can be particulate or gaseous, organic or 
inorganic, visible or invisible, and toxic or harmless. Pollutants 
can be inhaled, absorbed, or ingested. Certain particularly dan-
gerous pollutants, including asbestos, radon, and pesticides, 
must be excluded from the building. Other sources of pollution 
include odors, volatile organic compounds (VOCs), and a 
wide variety of chemicals, particulates, and biological contami-
nants. (See Table 13.1)

odorS
Odors are an indicator of IAQ problems. Foul‐smelling air is not 
necessarily unhealthy, but can cause nausea, headache, and 
loss of appetite. Our noses are more sensitive than most detec-
tion equipment available today. We can detect many harmful 

substances by their odors, so that they can be eliminated 
before they reach dangerous levels.

Odors are most strongly perceived on initial encounter, so 
visitors to the building are often the most likely to notice them. 
As our environment is freed of multiple odors, we become more 
sensitive to the remaining ones. Warning odors such as that of 
leaking natural gas should not be masked.

Sources of odors are often complex. Odors in buildings 
come from outdoor air intakes, body odors, grooming products, 
tobacco smoke, air conditioning coils, food, copy machines, 
cleaning products, vinyl, paint, upholstery, rugs, draperies, and 
other furnishings. Materials such as cotton, wool, rayon, and 
softwoods absorb odors readily and give them off later at varying 
rates. Bathroom exhaust fans should exhaust directly to the 
outside. (See Figure 13.1)

TABle 13.1 COMMOn IndOOR AIR POlluTAnTS
Pollutant Sources effects Control Strategies

Carbon dioxide Human respiration Stuffiness, discomfort at high 
concentrations

Used as indicator for adequate 
ventilation rate

Carbon monoxide Incomplete combustion in 
furnace, stove, fireplace, 
motor vehicles

Headache, dizziness, sleepiness, 
muscle weakness, can be lethal

Sealed combustion burners, 
exhaust flues, adequate 
combustion air

Polynuclear aromatic 
hydrocarbons

Smoking, burnt food, 
combustion of wood or coal

Irritants and carcinogens Prohibit smoking, use clean fuels 
properly, exhaust burning food

Ozone Laser printers, electronic air 
cleaners, photocopiers

Bronchial inflammation, shortness 
of breath, asthma attacks

Remove at source or exhaust, 
maintain electronic air cleaners

Volatile organic 
compounds (VOCs)

Particle board, laminated 
panels, adhesives, fabric 
treatments, paints

Irritated eyes, nose, skin; 
headaches, dizzy, shortness of 
breath

Use alternative materials, seal 
particle board, ventilate

Fungus Grows on damp surfaces, 
walls, ceilings

Very allergenic, irritates eyes,  
nose, skin, lungs

Keep surfaces clean and dry; 
borax treatments

Dust mites Carpet, bedding, fabrics Very allergenic Vacuum, barrier cloths

Bacteria  
(e.g. Legionella)

Standing warm water, hot 
tubs, drain pans

Severe, potentially fatal  
respiratory illness

Prevent standing water, clean 
and treat hot tubs

Radon gas Natural radioactivity in soil Increased lifetime lung cancer risk Seal foundation and floor drains, 
ventilate

Figure 13.1 Bathroom ventilation
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Lower temperatures and relative humidity tend to decrease 
odors. Odors can be removed by ventilation with clean outside 
air, or by air washing or scrubbing. They can sometimes be con-
trolled by filtering with electronic or activated charcoal filters.

Odor masking modifies the perceived odor quality to make 
it more acceptable. It is rarely beneficial to introduce a masking 
odor. Ozone generators are devices that intentionally produce 
ozone. They primarily reduce the sensitivity of occupants’ sense 
of smell rather than actually reducing the odor.

Beta‐cyclodextrin is a chemical used in consumer prod-
ucts that remove odors. It is a molecule that is formed from an 
enzymatic conversion of starch (usually from corn). It partially 
dissolves the odor so that it cannot bind to your odor receptors 
and you cannot smell it. However, these products do have their 
own scents.

VoLAtILE orgAnIc coMpoundS
Volatile organic compounds (VOCs) are chemical compounds 
that tend to evaporate at room temperature and normal atmo-
spheric pressure (and are thus volatile), and that contain one or 
more carbon atoms (and so are organic compounds). They are 
invisible fumes or vapors. Some VOCs have sharp odors, while 
others are detectable only by sensitive equipment.

Awareness of IAQ problems with VOCs has led to the intro-
duction of alternative low‐voc products, including low VOC latex 
paints, water‐based varnishes, and formaldehyde‐free wood 
products.

VOCs enter the air when the surfaces of solid materials 
evaporate or offgas at room temperatures. Some products will 
offgas VOCs for a limited period of time during which the space 
must be ventilated, and then revert to a safe state.

Most of the more serious effects are the result of VOC ex-
posures at levels higher than those normally expected indoors. 
However, some common situations are likely to cause mild to 
serious health effects from VOC exposure. These include instal-
lation of large volumes of new furniture or wall partitions, dry 
cleaning of large volumes of draperies or upholstered furniture, 
large‐scale cleaning, painting, or installation of wall or floor cov-
erings, or higher air temperatures.

Both building maintenance workers and other building oc-
cupants are exposed to higher levels of VOCs when the HVAC 
system is shut down at night or during weekends. This can re-
sult in VOCs not being adequately cleared from the building, and 
the accumulation is circulated through the building when the 
system is turned on again.

The period immediately following the finishing of the build-
ing’s interior is critical for VOC exposure. Aging materials be-
fore installation may help release some of the VOCs outside 
of the space. Flush‐out periods increase ventilation to exhaust 
VOCs from the building.

Some building materials may act as sponges for VOCs, 
absorbing them for later release. Carpeting, ceiling tiles, and 
free-standing partitions with high surface areas absorb VOCs. 

Rougher surfaces and lower ventilation rates increase absorp-
tion. VOC emissions can be managed by limiting sources, pro-
viding proper ventilation, and controlling the relative humidity 
of the air.

Interior design finishes that do not produce or retain dust 
and designs that limit open shelving or dust collecting areas 
help control VOC retention over longer periods of time. Durable 
materials, such as hardwoods, ceramics, masonry, metals, 
glass, baked enamels, and hard plastics, are generally low in 
VOC emissions. Fibers like cotton, wool, acetate, and rayon 
have low VOCs, but their dyes and treatments may release toxic 
chemicals.

Re‐release of VOCs can be controlled by increasing outside 
air ventilation during and following installation of finishes and fur-
nishings. Fresh air should be introduced constantly and exhaust-
ed directly to the outside rather than through the HVAC system. 
HVAC systems in newly occupied buildings can be operated at 
the lowest acceptable temperatures to slow VOC emissions.

BIoLogIcAL contAMInAntS
Biological contaminants cause allergic reactions and can result 
in infections as well as noninfectious diseases. Most of us do 
not even want to think about bacteria, fungi, viruses, algae, 
insect parts, and dust in the air we breathe. These microor-
ganisms release bioaerosols, which include tiny spores from 
molds and other fungi that float through the air and irritate skin 
and mucous membranes. Yet these contaminants are all less 
common than human skin scales. We shed skin cells constantly 
from our skin and in our breath, and our environment is littered 
with our dead cells, which created dust and provide food for 
dust mites.

Office buildings provide an exceptionally favorable environ-
ment of high humidity and standing water. The number of bac-
teria able to reproduce in an office environment is frequently in 
the range of 1000 colony‐forming units per cubic meter. It is 
often difficult to test for biological contaminants, as many of the 
specific test substances are not widely available, and the symp-
toms are varied and similar to those from other causes. Biologi-
cal contamination is often the result of inadequate preventive 
maintenance. Whenever an area is flooded, cleanup must be 
thorough and prompt.

Biological contaminants need four things to grow in a build-
ing. These include a source such as outdoor air, occupants, 
pets, or houseplants; water; nutrients; and temperatures be-
tween 40° and 100°F (4° and 38°C).

Fungi are plantlike organisms that lack the chlorophyll need-
ed for photosynthesis. They include molds, mildew, and yeasts. 
Fungi live on decomposed organic matter or living hosts, and 
reproduce by spores. Dry spores can become airborne and can 
result in allergic and toxic reactions.

Molds are a type of fungi that grow where there is moisture 
or a relative humidity over 70 percent, often from water damage 
due to leaks in pipes or floods or from condensation on walls and 
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ceilings. They produce chemicals that are irritants to most people; 
some people are allergic to specific species of molds. Cellulosic 
materials support mold growth, including paper, wood, textiles, 
insulation, carpet, wallpaper, and drywall (gypsum wallboard).

Indoor mold prevention includes eliminating water sources 
by repairing leaks, preventing condensation, venting moisture‐
producing equipment or appliances to the outdoors, and main-
taining interior relative humidity below 50 percent (ideally be-
tween 30 and 50 percent). Air conditioning systems should be 
adequately drained to prevent standing water. Any damp or wet 
spots should be cleaned up and dried within 48 hours. Water 
should drain away from the building foundation. Building sys-
tems should be routinely inspected and maintained.

Mildew is a fungus that appears as a thin layer of black 
spots on a surface. Drywall with a fiberglass nonwoven mat 
facing does not feed mold. Noncellulose adhesives that do not 
support mildew growth are available for use with wallcoverings 
and hardwood flooring.

Dust mites settle out of the air and usually live at floor level, 
only becoming airborne when the dust is disturbed. Dust mite 
allergens include enzymes in their feces, saliva, and body parts. 
Reactions include nasal inflammation, asthma, itching, inflam-
mation, and rash. Dust mites require at least 60 percent relative 
humidity to survive, so maintaining a relative humidity of 30 to 
50 percent will help deter them.

Legionella pneumophila is a bacterium that rarely causes 
disease except under certain indoor conditions and in suscep-
tible hosts. Legionnaire’s disease is a progressive form of pneu-
monia that infects only about 5 percent of those who inhale 
droplets of water with the bacteria; about 5 percent of those 
infected die of the disease. Improper maintenance of HVAC sys-
tems is responsible.

Sometimes ultraviolet (UV) radiation is used for control of 
biological contaminants. Filters are rarely effective, and evapo-
rative humidifier filters may harbor bacteria that eat cellulose 
and thrive in the warm, wet environment. Air conditioning coils 
can hold skin cells, lint, paper fibers, and water, a perfect envi-
ronment for mold and bacteria. Building air quality specialists 
tell horror stories of mold‐covered mechanical systems that are 
supplying the air for an entire building.

Synthetic carpets containing large amounts of dust make 
excellent mold environments, especially after water damage. 
Thoroughly clean and dry water‐damaged carpets and building 
materials within 24 hours if possible, or removal and replace-
ment may be required.

Installing and using exhaust fans that are vented to the out-
doors in kitchens and bathrooms and venting clothes dryers 
outdoors can reduce moisture and cut down on the growth of 
biological contaminants. Ventilate the attic and crawl spaces to 
prevent moisture build‐up. If using cool mist or ultrasonic hu-
midifiers, clean appliances according to manufacturer’s instruc-
tions and refill with fresh water daily.

Keeping the building clean limits exposure to house dust 
mites, pollens, animal dander, and other allergy‐causing agents. 

As an interior designer, avoid specifying room furnishings that 
accumulate dust, especially if they cannot be washed in hot 
water. Using vacuums with high efficiency particulate arres-
tance (HePA) filters may also help. Do not finish a basement 
below ground level unless all water leaks are patched, with out-
door ventilation and adequate heat to prevent condensation pro-
vided. Operate a dehumidifier in the basement if needed to keep 
relative humidity levels between 30 and 50 percent.

Antimicrobial finishes are designed to protect materials 
and products from biological contaminants. Mold can still grow 
if it finds food source on the surface, so good maintenance and 
moisture control are still required. There are concerns about 
the safety of products classified as pesticides, and regarding 
overuse of antimicrobials.

Indoor Air Quality Equipment
Once the sources of IAQ problems have been removed or iso-
lated wherever possible, increased ventilation and improved air 
filtration are usually the next most practical measures. Increas-
ing ventilation for improved air quality must strike a balance with 
energy conservation. Energy conservation efforts have resulted in 
reduced air circulation rates in many central air‐handling systems. 
Fewer fans use less power, but distribution is poorer, and the air 
mix within individual spaces suffers. Individual space air‐filtering 
equipment provides a higher circulation rate and a proper air mix.

Air cleaning equipment is incorporated in the HVAC system 
of a home to filter air before it is returned through ducts through-
out house. Sometimes portable, tabletop, or larger console air 
cleaners are used individual rooms to control particulates such 
as dust, pollen, or tobacco smoke. Typically, a fan takes air 
through filtering medium, and then blows the air back into the 
room or through ducts. Equipment capacity should be matched 
to the size of the room.

AIr cLEAnErS And FILtErS
Air filters protect the HVAC equipment and its components and 
the furnishings and décor of occupied spaces, and protect the 
general well being of residents. (See Table 13.2) They reduce 
housekeeping and building maintenance and reduce equipment 
fire hazards. Local air‐filtering equipment should have a high cir-
culation rate and proper mixing of new and old air. Each unit 
has its own fan, and operates with or without a central HVAC 
fan. Outdoor makeup air that replaces exhausted air should 
be filtered to keep coils and fans free of dirt.

Electrostatic air filters filter and ionize air to collect dirt, 
then filter it again. (See Figure 13.2)

ANSI/ASHRAE Standard 52.2‐2012—Method of Testing Gen-
eral Ventilation Air‐Cleaning Devices for Removal Efficiency of 
Particle Size sets the test procedure for evaluating performance 
of air cleaning devices as a function of particle size. This stan-
dard addresses the device’s ability to remove particles from the 
air, total dust‐holding capacity, and resistance to airflow.
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The effectiveness of each type of air cleaner filter depends 
on the size of the particle to be filtered. The best air cleaners 
have a dust arrestance rating above 80 percent. A lower initial 
air resistance rating is less likely to decrease the heating and 
cooling system’s efficiency. Some types emit ozone, a lung 
irritant.

TABle 13.2 AIR FIlTeRS
Type description

Panel filters Used with HVAC equipment to protect 
fans from large lint and dust particles. 
Usually fiberglass, and thrown out 
when dirty.

Pleated media air 
cleaners

Thick pleated filter paper within a 
frame. Trap large and small particles. 
Require regular maintenance, can 
damage equipment if blocked. 
Replace often or they increase 
energy consumption.

High‐efficiency 
particulate arrestance 
(HEPA) filters

Highest efficiency filter. Able to filter 
out microscopic particles, including 
bacteria and pollen.

Self‐charging 
electrostatic filters

Add static electric charge to 
particles in air, then pass air across 
metal plates holding opposite 
charge; dust particles held on plates.

Air washers Used to control humidity and bacterial 
growth. Moisture can become a 
problem if not well maintained.

Activated carbon 
filters

Often used with other filters to 
adsorb odors and gases and 
neutralize smoke.

Hybrid filters May combine mechanical filters plus 
electrostatic precipitator, or ion 
generator in integrated system or as 
single device.

Chemisorption filters Active material attracts and bonds 
polluting gas molecules onto its 
surface. Absorbing material requires 
regular replacement.

Adsorption filters Use activated‐charcoal or chemically‐
impregnated porous pellets to 
remove small percent of specific 
gaseous contaminants from air.

Figure 13.2 electrostatic air filter
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There are many types of air cleaners, which vary in use 
and effectuveness. (See Table 13.3) Self‐contained portable 
room air cleaners must sometimes be used to obtain suffi-
ciently high levels of filtration effectiveness. (See Figure 13.3) 

TABle 13.3 AIR CleAneR TyPeS
Type description

Portable room‐sized 
air cleaners

Residential use for continuous, 
localized air cleaning. Sized for 
particular room; can be moved from 
room to room.

In‐duct air cleaning 
units

Installed in residential unducted 
return air grilles or ducted air 
plenums of central HVAC system. 
Recirculate building air through unit. 
HVAC fan must always be on for air 
cleaning.

Negative ion 
generators

Electronically charges particles to 
remove them from air. Personal 
air purifiers can reduce airborne 
particles. Require frequent 
maintenance and cleaning. Produce 
ozone.

Electronic  
air cleaners

Filter out very small particles. 
Effective with tobacco smoke. 
Produce ozone.

Electrostatic 
precipitators

Charge airborne particles and collect 
them. Precipitating cell is reusable 
with maintenance. Capture particles 
on collector plates; some generate 
ozone.

Air washers Used to control humidity and 
bacterial growth in large ventilation 
system. If not well maintained, 
moisture in air washer can add to 
pollution.

Ozone generators Primarily act to reduce sense 
of smell. According to EPA, at 
concentrations that do not exceed 
public health standards, ozone has 
little potential to remove indoor air 
contaminants.

Ion generators Charged ions emitted to air often 
produce dirty spots on nearby 
surfaces by forcing impurities to cling 
to surface. Emit ozone.

Ultraviolet (UV) light Destroys germs, viruses, bacteria, 
fungi. Installed within HVAC systems 
or directly in kitchens, sickrooms, 
overcrowded dwellings. In some 
personal air purifiers. Mounted high in 
room, shielded to protect eyes, skin.
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Flat or panel filters usually contain a fibrous medium that 
can be dry or coated with a sticky substance such as oil so that 
particles adhere to it. (See Figure 13.4) Less‐expensive lower 
efficiency filters that employ woven fiberglass strands to catch 
particles restrict airflow less, so smaller fans and less energy 
are needed. The typical, low‐efficiency furnace filter in many 
residential HVAC systems is a flat filter, ½" to 1" (13 to 25 mm) 
thick, that is efficient in collecting large particles, but removes 
only between 10 and 60 percent of total particles and lets most 
smaller, respirable‐sized particles through.

HEPA filters are generally made from a single sheet of  
water- repellent glass fiber similar to blotter paper that is pleated 
to provide more surface area with which to catch particles. (See 
Figure 13.5) To qualify as a HEPA, the filter must allow no more 
than three particles out of 10,000 to penetrate the filtration 
media, a minimum particle removal efficiency of 99.97 percent, 
including smaller respirable particles. Similar HEPA‐type filters 
with less efficient filter paper may have 55 percent efficiencies. 

These filters, which are still very good when compared to con-
ventional panel type and even pleated filters, have higher air-
flow, lower efficiency, and lower cost than their original version.

cEntrAL cLEAnIng SyStEMS
Central cleaning systems have been used in homes and com-
mercial buildings for years. They are commonly found in com-
mercial office buildings and restaurants. They are essentially 
built‐in vacuum cleaners with powerful motors. As such, they 
can be used to trap dirt and dust inside the power unit equip-
ment and away from rooms where people live and work. They 
can be vented outdoors, decreasing exposure for people with 
dust allergies. The power unit is usually installed in a utility 
room, basement or garage. Tubing running under the floor or in 
the attic connects through the walls to unobtrusive inlets placed 
conveniently throughout the building. When it is time to vacuum, 
a long flexible hose is inserted into an inlet and the system turns 
on automatically. The noise is kept at the remote location of the 
power unit.

Most power units operate on a dedicated 15 amp normal 
residential electrical circuit, but some larger units may require 
heavier wiring. Systems come with a variety of hoses and brush-
es. Installation is simplest in new construction.

plants and Indoor Air Quality
Indoor plants can help reduce stress, improve the aesthetics of 
a space, and increase humidity in overly dry indoor air. Research 
by retired NASA scientist Dr. B.C. Wolverton measured the rate 
of air cleaning of various plants with a variety of pollutants, and 

Figure 13.3 Room air cleaner
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showed that microbes associated with the root systems con-
sume toxins from the air. Mixing activated carbon with the grow-
ing media greatly increased the amount of pollutants removed 
from the air.

Overly damp planter soil conditions may promote the growth 
of biological contaminants. In restaurants and other places with 
water and food, planters can provide a home for cockroaches 
and other unwanted forms of life.

controls for Indoor Air Quality
Today’s control systems monitor for carbon dioxide along with 
possible leakage of fuels such as propane, butane, and natural 
gas, and inadequate levels of oxygen. Alarms activate equip-
ment automatically when levels are too high. The system can 
regulate ventilation heat exchangers, especially in unoccupied 
spaces, to prevent buildup of VOCs from finishes and furnish-
ings, thereby avoiding the need for flushing of the room’s air 
after a weekend. Units are available as stand‐alone alarms or 
set up to activate equipment. The unit’s size is about that of a 
programmable thermostat, and the mounting height depends 
on the gas being monitored.

InFILtrAtIon And VEntILAtIon
Outdoor air enters a building by infiltration and/or ventilation. 
Ventilation is the process of intentionally bringing fresh air into 
a building. Infiltration happens when fresh air accidentally enters 
through openings or cracks in the building.

Ventilation and infiltration were introduced in Chapter 2, “De-
signing for the Environment.”

Infiltration
Wind creates local areas of high pressure on the windward side 
of a building, and low pressure on the leeward side. Fresh air 
infiltrates a building on the windward side through cracks and 
seams. On the opposite side of the building, where pressure is 
lower, stale indoors air leaks back outside.

Anywhere that walls and ceilings or floors meet or where 
openings pierce the building’s exterior presents an opportunity 
for air to infiltrate. The most common sources of air leaks are 
where plumbing, wiring, or a chimney penetrates through an 
insulated floor or ceiling, or on top of the building’s foundation 
wall.

Air can leak where the tops of interior partition walls inter-
sect with the attic space and through recessed lights and fans 
in insulated ceilings. Missing plaster allows air to pass through a 
wall, as do electrical outlets and switches on exterior walls. Out-
door air infiltrates through cracks and crevices around doors 
and windows and through open doors and windows. Window, 
door, and baseboard trims can leak air through the joints they 

cover, as can ceiling soffits above bathtubs and cabinets. Air 
can also leak at low walls along the exterior in finished attics, 
especially at access doors, and at built‐in cabinets.

Gaps less than ¼" (4 mm) wide can be sealed with caulk, 
which is available in a variety of types and colors for different 
materials. Backer rod or crack filler is used for larger or deep 
cracks, which are then sealed with caulk.

Infiltration is caused by the stack effect that occurs when 
warm air moves upward in a building, combined with the force 
of wind. The amount of infiltration depends on the area of an 
opening and the difference in pressure across the opening. The 
stack effect is a factor in buildings of more than five stories, 
over about 100 feet (30.5 m) tall.

It can be difficult to estimate infiltration accurately, due to 
the wide variety in type, construction quality, shape, and loca-
tion of buildings. The variety of types of heating systems add 
to the difficulty.

Infiltration is calculated by either the crack length method 
or the air change method. The crack length method is more 
precise, but requires specific information about building dimen-
sions and construction details. The air change method uses 
tables listing the number of air changes per hour in rooms with 
various exposures to determine the rates of air leakage. The 
actual infiltration performance of a constructed building can be 
measured with a blower-door test.

The blower-door test is introduced in Chapter 2, “Designing for 
the Environment.”

Very leaky spaces have two to three air changes or more 
per hour. Even when doors and windows are weather‐stripped 
and construction seams are sealed airtight, about one‐half to 
one air change per hour will occur, but this may be useful for the 
minimum air replacement needed in a small building.

Infiltration can be minimized by weatherstripping doors and 
windows, providing a continuous air barrier around the building 
perimeter, and sealing construction seams airtight. Weather‐
stripping materials generally have a lifespan of less than ten 
years, and need to be replaced before they wear out. Vestibules 
with two doors in series can cut infiltration by up to 60 percent 
in buildings where doors are opened frequently. Revolving doors 
can cut infiltration by 98 percent.

Ventilation
Ventilation involves bringing in fresh air to provide oxygen for 
people and to help carry away of carbon dioxide and body 
odors. Ventilation is always needed whatever the climate. With 
the advent of modern HVAC systems, fresh air is delivered via 
the heating and cooling system. Both ventilation and passive 
cooling consider window positions together with requirements 
of human occupants.

Passive cooling replaces heated indoor air with cooler 
outdoor air. Cooling breezes are only available at specific times 
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and in specific places. Much greater amounts of airflow is re-
quired for passive cooling than for control of air quality.

Before the invention of mechanical ventilation, the high ceil-
ings common in buildings created a large volume of indoor air 
that diluted odors and carbon dioxide produced by occupants. 
Fresh air was provided by infiltration, which along with operable 
windows created a steady exchange of air with the outdoors.

For more information on windows and passive cooling, see 
Chapter 6, “Windows and Doors,” and Chapter 14, “Heating and 
Cooling.”

Very airtight buildings can starve fireplaces and gas heating 
appliances for air. This can allow odors to build up, and can con-
tribute to IAQ problems. Eventually, oxygen for breathing can be 
in short supply. Consequently, buildings with very little infiltra-
tion require ventilation.

codES And VEntILAtIon
A minimum amount of fresh air is important for interior air qual-
ity control, including removal of odors and pollutants. Many 
building codes regulate the minimum outdoor airflow rate based 
on either the number of people in the building or its floor area. 
Ventilation requirements are generally based on ASHRAE Stan-
dard 62.1‐2013—Ventilation for Acceptable Indoor Air Quality 
or ASHRAE Standard 62.2‐2013—Ventilation and Acceptable 
Indoor Air Quality in Low‐Rise Residential Buildings.

VEntILAtIon SyStEMS
The basic components of a building ventilation system begin 
with an air source of acceptable temperature, moisture content, 
and cleanliness. A force is required to move air through the 
building’s inhabited spaces, with a means to control its volume, 
velocity, and direction of airflow. Finally, the system requires a 
means of recycling or disposing of contaminated air.

The ventilation rate actually needed depends on the effec-
tiveness of the ventilation system’s design, performance, and 
location of supply (inlet) outlets and return outlets. The inlet 
locations determine the velocity and air flow pattern; the outlet 
locations have little effect on these. It is generally a good prac-
tice to have both inlets and outlets the same size.

Rates for both infiltration and ventilation are expressed in cubic 
feet per minute (cfm) or liters per second (L/s).

natural Ventilation
natural ventilation moves a source of fresh air at an appropri-
ate temperature and humidity through a building without fans. 
Wind or convection moves air from higher to lower pressure 
areas through windows, doors, or openings provided for the 

purpose, or though nonpowered ventilators. (See Figure 13.6) 
Mechanical controls adjust the volume, speed, and direction of 
the airflow. Contaminated air is either cleaned and reused or 
exhausted from the building.

Using natural ventilation helps keep a building cool in hot 
weather and supplies fresh air without resorting to energy‐
dependent machines. However, in cold climates energy loss 
through buildings that leak warm air can offset the benefits of 
natural cooling. Careful building design can maximize the ben-
efits of natural ventilation while avoiding energy waste.

Opportunities for natural ventilation may be limited by outside 
noise. Almost all methods of blocking noise will also slow down 
breezes.

WInd VEntILAtIon
Wind‐powered ventilation is most efficient if there are windows 
on at least two sides of a room, preferably opposite each other. 
Where only a single wall abuts the outdoors, a casement win-
dow can help create a pressure differential that induces airflow.

Factors influencing airflow through buildings include pres-
sure distribution around the building; the direction of air enter-
ing windows; the size, location, and details of windows; and 
interior partitioning details. The design of open floor plans can 
maximize airflow by minimizing the use of full height partitions.

Depending on the leakage openings in the building exterior, 
the wind can affect pressure relationships within and between 
rooms. The building should be designed to take advantage of 
warm season prevailing winds when it is sited and when the 
interior is laid out.

Pressure variations occur when air flows over and around a 
structure. (See Figure 13.7) Wind on the windward side produc-
es positive pressures. When deflected by a physical obstacle, 
higher velocities result as the volume of air passes through the 
reduced area. As air flows around building edges, it creates 
negative pressure, but as it continues, it can again establish 
positive pressure. As it passes by the structure, negative pressure 

Figure 13.6 natural ventilation
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is formed on the leeward side of the structure, and reversing 
eddies of airflow are likely to occur.

Cross ventilation is driven by wind through windows. Narrow 
building plans with large ventilation openings on either side are 
also compatible with daylighting. There is a trend for office work-
spaces to be near operable windows, and LEED offers credits for 
daylighting and views. A supply of tempered fresh air is needed 
even in cold weather.

Ventilation openings must have both an inlet at a point of 
positive exterior pressure, and an outlet at a point of negative 
pressure. Where there is only a single exposure, cross ventila-
tion will probably depend on spaces connecting with ventilated 
space. Where a single window is used for both in and out, the 
window itself must form pressure differential. Double‐hung win-
dows with both operable tops and bottoms can do this. Regular 
casements have only a single opening, but architectural pro-
jected casements with hinged sides create two openings.

Where there is a smaller inlet and a larger outlet, a good 
pressure differential is created, and the inlet air is at a higher 
velocity. More velocity aids cooling, but may blow papers and 
other objects around.

conVEctIVE VEntILAtIon
In convective ventilation, differences in the density of warm-
er and cooler air create the differences in pressure that move 
the air. (See Figure 13.8) Convective ventilation uses the stack 
effect referred to earlier, due to warm air buoyancy and differ-
ential air pressures. Heated air becomes less dense and more 
buoyant and tends to rise, displacing colder air downward. The 
warm air inside the building rises and exits near the building’s 
top. Cool air infiltrates at lower levels.

The stack effect works best when the intakes are as low as 
possible and the height of the stack is as great as possible. The 
stack effect is not noticeable in buildings less than five stories 
or about 100 feet (30.5 m) tall. Fire protection codes restrict air 
interaction between floors of high‐rises, reducing or eliminating 
the stack effect.

To depend on convective forces alone for natural ventilation, 
you need relatively large openings. With operable widows, pres-
sures vary. Insect screens cut down on the amount of airflow.

Systems using only convective forces are not usually as 
strong as those depending on the wind. In cold weather, fans can 
be run in reverse to push warm air back down into the building.

The stack effect produces differences in atmospheric 
pressure at the top and bottom of a vertical shaft. It can be 
controlled if the building is sealed so that it not exposed to 
variations in atmospheric pressure. This is one of the reasons 
revolving doors were developed. Limiting the number of floors 
served by same air distribution helps minimize problem.

coMFort VEntILAtIon
Comfort ventilation is the technique of using air motion 
across skin to promote thermal comfort. It is used in lightweight 
construction without air conditioning in hot and humid climates. 
Comfort ventilation still requires some insulation to keep sun 
on roof and walls from overheating interior surfaces. Comfort 
ventilation is rarely completely passive. Window fans or whole‐
house fans are usually needed to supplement wind.

Insulation is required and thermal mass is helpful for mostly 
air‐conditioned buildings, even in humid climates. The mass 
slows temperature changes, allowing the air conditioning to be 
turned off during peak electrical demand times.

For comfort ventilation, operable window area should be 
around 20 percent of the floor area, with windows split roughly 
evenly between windward and leeward walls. Windows need 
to remain open during rain to deal with humidity, so roof over-
hangs are needed to keep rain out. Windows are closed when 
it is much hotter outdoors than inside, with ceiling fans used to 
circulate cooler indoor air.

cHIMnEyS And FLuES
When not in use, a large quantity of air rises through a fireplace 
chimney and is replaced by infiltrating outdoor air. Closing the 
fireplace damper reduces, but does not eliminate, this problem 
as dampers rarely fit tightly. Air loss actually increases when 
the fireplace is in use, inducing more infiltration throughout the 
building, while the heat produced is localized near the fireplace.

Figure 13.7 Airflow pressures around building 
Source: Redrawn from David Lee Smith, Environmental Issues for 
Architecture, Wiley 2011, page 195

+ -

-

-

+

+

+++
Airflow Building

plan view

+
Airflow

+

Figure 13.8 Convective ventilation
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Modern fireplaces with integral combustion air intakes and 
glass doors significantly reduce infiltration. For more on fire-
places, see Chapter 14, “Heating and Cooling.”

Flues for heating equipment can also result in loss of build-
ing air. Direct‐fired warm‐air furnaces installed within the space 
they heat require an air supply for combustion. If combustion 
air is not brought inside through a closed duct, conditioned air 
will be drawn from the space and exhausted through the flue.

A solar chimney increases the stack effect without heat-
ing the indoors by moving air vertically through a building on 
calm, sunny days. (See Figure 13.9) It induces a draft to create 
additional updrafts that pull the breeze through the building.

door And WIndoW VEntILAtIon
In residences, ventilation is tied to the quantity of exterior win-
dows and the amount of natural ventilation they supply. If the 
bathroom does not have a window, it is required to have a fan 
with a duct leading directly to the exterior. A percentage of the 
windows must be operable for ventilation and emergency egress.

Open plans are best for ventilation. Partitions increase re-
sistance to air flow and decrease total ventilation. Within a sin-
gle apartment or tenant area, cross ventilation can be achieved 
by leaving doors open in partitions between rooms.

Doors should not be relied upon for essential building ventila-
tion unless they are equipped with a holder set at the desired angle. 
An ordinary door cannot control the amount of air that flows past it.

In commercial buildings, cross ventilation is almost never 
possible in a double‐loaded corridor plan, although transoms 
above doors may allow some cross ventilation. An open single‐
loaded corridor permits full cross ventilation. (See Figure 13.10)

Attic and roof Ventilation
Thermal buoyancy—the rising of warm air—is a major cause of 
air leakage from a building’s living space to the attic and then 
out through the roof. Solar heated air also comes in through the 
roof and attic.

AttIc VEntILAtIon
Ventilating an attic reduces temperature swings. It makes the 
building more comfortable during hot weather and reduces the 
cost of mechanical air conditioning.

Adding ventilation without sealing air leaks into the attic 
can increase the amount of air leaking from the house, wast-
ing valuable heat. (See Figure 13.11) Installing rigid insulation in 

Figure 13.9 Solar chimney

Figure 13.10 Sections showing corridors and cross ventilation 
Source: Redrawn from Norbert Lechner, Heating, Cooling, Lighting, 
Wiley 2009, page 278
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the eaves (the projecting overhang at the lower edge of a roof) 
reduces heat loss in that area. Another option is to change the 
framing detail to one that leaves more room between the top 
plate and the rafters.

Air leaking out of air handlers and ducts, and heat leaving 
the system by conduction can be major factors contributing to 
heat loss in cold weather. Placing HVAC equipment and duct-
work in attics will waste leaking air and should be avoided. If 
there is no alternative, all ducts should be sealed tightly and run 
close to the ceiling, buried in loose fill insulation to the equiva-
lent R‐value of the attic insulation.

rooF WIndoWS
Roof windows, also called operable or venting skylights, can 
create the same updraft throughout the house as an old‐fash-
ioned cupola. When shaded to keep direct sunlight out, they 
are one of the best natural ventilating devices available. Roof 
windows allow moisture to escape from kitchens, baths, laun-
dry rooms, and pool enclosures. They are available with remote 
controls and rain sensors.

Roof windows are introduced in Chapter 6, “Windows and 
Doors.”

rooF VEntILAtorS
Roof ventilators also increase natural ventilation. (See Figure 13.12)  
Passive roof ventilators create suction when wind blows across 
the top of a stack, pulling air up and out of the building. Roof ven-
tilators require control dampers to change the size of the opening 
as necessary. With high enough winds, roof ventilators that are 
large enough and located high enough can ventilate habitable 
spaces.

The term “roof monitor” is used for a type of roof ventilator, and 
also for a raised structure running along the ridge of a roof. See 
Chapter 6, “Windows and Doors,” for more information.

Mechanical Ventilation
displacement ventilation may be required for most high‐rise 
structures with central air distribution, depending on their de-
sign and engineering. (See Figure 13.13) Displacement ventila-
tion introduces fresh cool air at floor level, and exhausts pol-
luted warm air through the ceiling. Vents must be kept clear 
of obstructions. Openings should close tightly to prevent un-
wanted infiltration.

prEHEAtIng VEntILAtIon AIr
Heating or cooling of makeup air can be used to heat building 
air. A south‐facing (Northern Hemisphere) solar wall with a col-
lector can be used as a winter preheating device.

One residential system combines a wall with an exhaust air 
heat pump. The house is under negative pressure, with forced 
exhaust air. Heat is supplied from exhaust air heat pumped for 
space heating or heating hot water. Fresh air is drawn through 
the specially constructed walls. As a result, a slow, steady 
stream of cold air warmed by insulation enters the building.

AIr SuppLy rAtES
The 2013 version of ASHRAE Standard 62.2 includes a new 
ventilation formula that requires ventilation of high‐performance 
homes at a higher rate than in the past, 7.5 cfm per person, plus 
3 cfm per 100 square feet. The new formula is controversial, 
with some experts arguing that it is too high, and others that the 
old standard gave too much leeway for infiltration. Local codes 
may call for greater levels of ventilation.

Especially high rates of air replacement are needed in build-
ings housing heat and odor producing activities. Restaurant 
kitchens, gym locker rooms, bars, and auditoriums require 
extra ventilation. Lower rates are permissible for residences, 
lightly occupied offices, warehouses, and light manufacturing 
plants.

residential Ventilation Systems
Exhaust systems remove air, heat, moisture, odors, combustion 
pollutants, and grease to the outside. Residential kitchen ventila-
tion systems are usually located near a cooking surface. They 
control odors and pollutants with local exhaust and positive build-
ing pressure.Figure 13.12 Roof ventilators

Figure 13.13 displacement ventilation 
Source: Redrawn from David Lee Smith, Environmental Issues for 
Architecture, Wiley 2011, page 372
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Design considerations for residential exhaust systems include 
the type of cooking appliance and fuel, the location of the range 
or cooktop within the kitchen, and the size and location of any 
hood. The type of fan and makeup or replacement air available 
are considered. The size, length, and number of turns in ducts 
to connect the fan to the exterior are also important.

In tightly constructed houses, negative pressure can create 
problems with appliances that need to exhaust to the outside, 
such as furnaces and water heaters. Backdrafting can occur, 
pulling carbon monoxide, excess moisture, and radon into 
the home. Backdrafting can be prevented by opening a window 
when operating exhaust fans (including passive fresh air intake 
vents), or by using whole‐house mechanical ventilation that bal-
ances airflow.

Kitchen appliances often require ventilation. (See Table 13.4) 
Whole‐house ventilation systems typically include an exhaust 
vent in the kitchen. There are two common types of residential 
kitchen ventilation systems, updraft and downdraft. Ceiling or 
wall‐mounted exhaust fan are generally considered less effective.

Ventilation is more critical with gas appliances, due to car-
bon monoxide and other combustion products. Gas also pro-
duces water vapor, so there is more moisture to exhaust.

A residence with gas appliances should have a carbon monox-
ide detector. This may be required by code.

Range hoods are often mounted above residential kitchen 
ranges. (See Figures 13.14 and 13.15) Slide‐out ventilation 
hoods are mounted below wall cabinets, and can be vented or 
unvented. Some manufacturers offer hoods with dishwasher 
safe grease filters.

Residential range hoods are available in a wide variety of 
styles and materials, including stainless steel and glass. Some 
models extract air almost noiselessly. Innovative self‐cleaning 
features and lighting fixtures are included with some styles. 
Where hoods are installed without ducts, heavy‐duty charcoal 
filters are advertised for the removal of smoke and odors.

See Chapter 11, “Fixtures and Appliances,” for more information 
on residential ventilation systems.

TABle 13.4 KITCHen APPlIAnCe VenTIlATIOn
Appliance Venting

Range oven Typically vents through/near burner on 
cooktop, delivers moisture, odors near 
ventilating system

Built‐in or wall oven Vents to front of appliance into room air

Professional‐style 
range

Needs larger capacity ventilation 
system; follow manufacturers 
recommendations and local codes

Microwave oven Vents to front, side, or back, often not 
near ventilating system

Dishwasher Vents warm, moist air

Figure 13.14 Range hood front view 
Source: Redrawn from Kathleen Parrott, Julia Beamish, JoAnn Emmel, 
and Mary Jo Peterson, Kitchen Planning (2nd ed.), National Kitchen and 
Bath Association, Wiley 2013, page 280
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Figure 13.15 Range hood side view 
Source: Redrawn from Kathleen Parrott, Julia Beamish, JoAnn Emmel, 
and Mary Jo Peterson, Kitchen Planning (2nd ed.), National Kitchen and 
Bath Association, Wiley 2013, page 280
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updrAFt VEntILAtIon SyStEMS
updraft ventilation systems have a fan mounted above the 
cooktop or range, usually with a hood. They may either have a 
ducted exhaust system or a ductless recirculating one. Hoods 
are available in many styles, and may be a focal point or retract-
able models that are barely noticeable.

The hood should be at least the size of the cooking sur-
face, but preferably 3" to 6" (76 to 152 mm) larger in all direc-
tions, although this may be difficult to achieve. (See Table 13.5) 
Greater interior height increases efficiency. A larger hood can 
be mounted higher on the wall than a smaller hood, with com-
parable efficiency. Higher mounting avoids bumping heads and 
provides better visibility.

Combination microwave ovens and updraft ventilation sys-
tems can be installed over a cooking surface. They are available 
with either recirculating or exhaust ventilation systems. The flat 
microwave bottom traps fewer pollutants than a canopy‐shaped 
hood, and also tends to be shallower (typically 12" to 13" [305 
to 350 mm]), providing less coverage of the cooking surface. 
The combination also tends to have limited fan size, and may 
not be appropriate over larger ranges or cooktops. Maximum 
ventilating efficiency and safety is achieved when installed with 
at least 24" (610 mm) clearance above the cooking surface. 
With a 36" (914 mm) counter height, this typically brings the 
microwave oven to 60" (1524 mm) above the floor, which may 
be too high for some people. As a result, combination micro-
wave oven/updraft ventilation systems are often installed only 
15" to 18" (381 to 457 mm) above the cooktop or range. It is 
important to follow the manufacturer’s recommendations.

doWndrAFt VEntILAtIon SyStEMS
Downdraft or proximity ventilation systems are installed in 
the cooktop or adjacent to a cooking surface where they 
capture pollutants near the source. (See Figure 13.16) Most 
are exhaust systems. Downdraft ventilation systems can be 
effective alternative for grilling, frying, and other cooking 
from shallow pots and pans. They require larger fan, as they 
operate without a hood, and work against tendency of warm 
air to rise. They do require space for ductwork. Retractable 
downdraft vents behind cooktop burners have washable 
grease filters.

Recirculating systems provide filtering but not ventilation. 
They are generally only used when it is not possible to install 
ductwork for the exhaust system. A recirculating system may 

have only a simple grease filter screen, or include activated car-
bon filter to remove odors. The system does not remove com-
bustion pollutants such as carbon monoxide or water vapor. 
Recirculating systems are less expensive and easier to install, 
but less effective.

The 2015 International Residential Code sets minimum resi-
dential exhaust rates for kitchens and bathrooms in cubic feet 
per minute (cfm). (One cfm is equal to 0.0004719 cubic meters 
per second.) Kitchens are required to exhaust at the rate of 
100 cfm or 25 cfm continuously. Bathrooms and toilet rooms 
must have a mechanical exhaust capacity of 50 cfm intermit-
tently or 20 cfm continuously.

rEducIng EnErgy conSuMptIon
There are several ways to reduce energy consumption while 
providing adequate ventilation. Ventilation against a wall is more 
efficient than at an open island or peninsula that requires larger 
fans and/or hoods due to cross‐drafts. Heat recovery from ex-
haust air can be used to preheat makeup air from outdoors. 
Computerized controls can track occupancy and provide only 
the ventilation necessary for the current number of people in 
the building.

Fans
Mechanical ventilation options include unit ventilator fans on the 
outside wall of each room to circulate room air and replace part 
of it with outdoor air. Window or through‐wall air conditioning 
units can also be run as fans. A central heating and cooling 
system with coils of hot or chilled water will temper the air in 
room ventilation units. Fixed location fans can provide a reliable, 
positive airflow to an interior space.

Any time that air is exhausted from a building, makeup air 
must be supplied. This can be done in a limited manner by in-
filtration through the building’s envelope. Opening windows and 
doors can also provide a supply of fresh air. Where mechanical 
equipment exhausts a large volume of air, makeup air is intro-
duced through vents in the building envelope, and directed to 
the equipment through ducts.

TABle 13.5 ReSIdenTIAl HOOd dIMenSIOnS
direction Typical dimensions (mm)

Width 24" to 54" (610 to 1372)

Depth 17" to 21" (432 to 533

Bottom of hood 24" to 36" (610 to 914) above cooking 
surface

Figure 13.16 Kitchen downdraft ventilation system
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Makeup air for a bathroom fan can be provided by undercutting 
the bathroom door slightly. Louvered doors may create privacy 
concerns.

Fans can be very effective in cooling small buildings. A per-
son perceives a decrease of about 1°F per 15 fpm (1°C for ev-
ery 1 m/s) increase in the speed of air past the body. The air 
motion produced varies with the fan’s height above the floor, 
the fan’s power, speed and blade size, and the number of fans 
in the space.

Fans are used in buildings to exhaust hot, humid, or polluted 
air, to bring in outdoor air to cool people (comfort ventilation), or 
to cool the building at night (night‐flush cooling), and to circulate 
indoor air when it is cooler than outside air.

Types of fans include stand‐alone fans, fans packaged as 
a product (for example, a bathroom exhaust fan), fans in duct-
work, and those that are part of larger equipment. Built‐in fans 
in residential kitchens and baths dump air directly or through 
a short ductwork run to the outdoors. When air is replaced by 
leaking from outdoors through the house, it may result in heat-
ing or cooling losses.

One or more unit ventilating fans may be located on the out-
side wall of each room. Window or through‐wall air conditioner 
or room ventilating units work this way.

Fans are located in the ceiling or another high location for 
warm moist rising air. Their intake should be close to the source 
of the air and/or moisture. In a bathroom, this is usually near 
a toilet, bathtub, and/or shower. Vapor‐proof or moisture‐proof 
fans can be located in a shower or directly over a jetted tub.

cEILIng FAnS
Ceiling fans are run at higher speeds in summer to increase 
comfort through increased air motion. They can be run at a slow 
speed to destratify warm air at the ceiling in winter.

Ceiling fans are preferable to other locations if a ceiling 
is high enough. Ceiling hugger fans are available for standard 
height ceilings, but may annoy tall people. A lighting fixture 
below the fan can lower the clearance even more. Putting a 
recessed lighting fixture above fan blades produces an undesir-
able flickering effect. Newer ceiling fans with LED lighting re-
solve this problem. (See Figure 13.17)

Ceiling fans are available in a variety of sizes to accommo-
date various room sizes. (See Table 13.6) Ceiling fans with aero-
dynamically curved fan blades are more efficient, and can be run 
at lower speeds, saving energy. Remote controls and tempera-
ture sensors encourage using the fan only when it will improve 
conditions in the room. Ceiling mounted fans to be located in an 
insulated ceiling should be specified for this type of installation.

AttIc, WIndoW, And WHoLE‐HouSE FAnS
An attic fan reduces attic temperature and condensation dam-
age. Window fans should be located on the downwind side of a 
house, facing outward. When in use, a window in each room and 
interior doors should be opened.

A whole‐house motor‐driven fan pulls stale air from living 
areas of the house and exhausts it through attic vents. (See 
Figure 13.18) The large fan is mounted in the ceiling of the top 
floor hallway, and draws air in through open windows and doors.

Without an adequate exhaust fan, the building may not have 
enough air for combustion equipment such as furnaces and 
stovetop barbeques, and fumes may not be exhausted properly. 
Equipment that demands a large amount of exhaust should have 
another fan supplying make‐up air running at the same time.

The visual impact of the fan depends on its grille color and 
style, the choice of material, and its relationship to other fea-
tures such as ceiling lights and wall finishes.

Figure 13.18 Whole-house fan

Cover

TABle 13.6 CeIlIng FAn SIzeS
Room Size in square feet Fan Size (mm)

100 (9 m2) 36" (914)

150 (3.9 m2) 42" (1067)

225 (21 m2) 48" (1219)

375 (35 m2) 52" (1321)

Over 400 (37 m2) Two fans

Figure 13.17 led ceiling fan
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WHoLE‐HouSE VEntILAtIon SyStEMS
The International Energy Conservation Code sets requirements 
for whole‐house mechanical ventilation system fan efficiency. 
It requires that the building be provided with ventilation that 
meets the requirements of the International Residential Code 
(IRC) or International Mechanical Code as applicable, or with 
other means of ventilation.

A whole‐house fan system includes fan, ductwork, controls, 
and installation. Noise level are rated in sones, with less than 
1.0 to 1.5 sones generally considered quiet enough to be back-
ground noise. Larger fans and those with longer, more complex 
ducts are noisier.

Minimizing the length of the duct run and the number of 
elbows or bends from the interior air intake to the exterior air 
exhaust increases the efficiency of the fan system.

There are different types of whole-house systems, and the 
design may need to be matched to the local climate and wheth-
er the building is heating or cooling dominated.

exhaust ventilation systems work by depressurizing 
the building. (See Figure 13.19) The system exhausts air from 
the house while make‐up air infiltrates through leaks in the 
building shell and through intentional passive vents. Exhaust 
ventilation systems are most appropriate for cold climates. 
In climates with warm humid summers, depressurization 
can draw moist air into building wall cavities, where it may 
condense and cause moisture damage. Depressurization can 
cause problems with combustion appliances, including a gas 
furnace or water heater, and combustion products could spill 
back into a home.

Supply ventilation systems use a fan to pressurize a 
home, forcing outside air into the building while air leaks out 
of the building through holes in the shell, bath, and range fan 
ducts, and intentional vents (if any exist). (See Figure 13.20)

Balanced ventilation systems, if properly designed and 
installed, neither pressurize nor depressurize the home. (See 
Figure 13.21) Rather, they introduce and exhaust approximately 
equal quantities of fresh outside air and polluted inside air.

Figure 13.19 exhaust ventilation system
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Figure 13.21 Balanced ventilation system
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A whole‐house ventilation system uses a heat recovery 
ventilation system (HRV) or energy recovery ventilator 
(eRV); both have similar operation and both are used in all 
types of climates. Fans exhaust and bring in air, with exhaust 
fans where moisture and pollutants are likely to be generated 
(for example, in bathrooms). Fresh air intakes are centrally lo-
cated but away from main living areas, often in an entryway or 
closet. Exhaust and intake air goes through a heat exchanger 
for ventilation with energy conservation.

Energy recovery ventilators can exhaust air from two bath-
rooms in adjacent apartments. (See Figure 13.22) They are con-
trolled by individual switches in each bathroom. A heat pump 
adjacent to the ERV warms fresh makeup air.

BAtHrooM ExHAuSt FAnS
Materials in bathrooms are often cooler than the air, produc-
ing condensation. Drywall and textiles are absorbent and stay 
damp. Warm, moist air tends to move through bathroom walls 
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and ceiling to cooler spaces and the exterior. When the air tem-
perature reaches the dew point, condensation can form on sur-
faces and inside walls and attics.

In a bathroom, the exhaust fan should be in the ceiling 
above the toilet and shower or high on the exterior wall oppo-
site the door. Exhausting moisture accumulation deters bacte-
rial growth, promotes sanitary conditions, and controls odors. 
The fan should discharge directly to the outside, at a point a 
minimum of 36" (914 mm) away from any opening that allows 
outside air to enter the building. Residential exhaust fans are 
often combined with a lighting fixture, a fan‐forced heater, or a 
radiant heat lamp.

A large bathroom may need two exhaust fans, one over the 
toilet or near the floor, and a second over the tub or shower. 
Two smaller fans are often quieter than a single large one. Larg-
er bathrooms may have additional fixtures, such as jetted tubs 
or both a shower and a tub, that produce more moisture, requir-
ing additional ventilation.

Fan models are available with a high‐efficiency centrifugal 
blower that provides virtually silent performance, and a lighted 
switch that indicates when the fan is on. Highly energy‐efficient 
motors use about a third of the electricity of standard versions. 
Some designs allow easy installation in new construction as well 
as retrofit applications. Some models activate automatically to 
remove excess humidity. Lighting fixtures and even nightlights 
are included in some designs.

Toilets are available that are direct‐vented to control odor 
and vapor spray from flushing. Their exhaust venting capacity 
should be considered in planning total bathroom ventilation. 
However, they are unlikely to control moisture from other bath-
room sources adequately.

Residences with spa areas set up for hydrotherapy or steam 
treatments generate a great deal of moisture in air, which needs 
to be ventilated after the treatment. Indoor spas or hot tubs 
where water remains in the tub, and where chemicals are used 
to treat the water, require special care. Strong odors and can-
dle soot also may need to be removed by ventilation.

puBLIc toILEt rooM ExHAuSt
Public toilet room plumbing facilities must be coordinated with 
the ventilation system to keep odors away from other building 
spaces while providing fresh air. The toilet room should be down-
stream of the airflow from other spaces. The air from toilet rooms 
should not be vented into other spaces, but exhausted outdoors. 
By keeping slightly lower air pressure in the toilet rooms than in 
adjacent spaces, air will flow into the toilet room from the other 
spaces, containing toilet room odors. This is accomplished by 
supplying more air to surrounding spaces than is returned. 
Exhaust vents should be located close to and above toilets.

LocALIzEd ExHAuSt SyStEMS
In open offices with few walls but with copying machines, the 
designer can erect a barrier around a contamination‐producing 
machine and provide mechanical ventilation to ventilate the task 
area immediately.

Hoods can be built over points where contamination origi-
nates. Commercial kitchen hoods collect grease, moisture, and 
heat at ranges and steam tables. Sometimes outside air is in-
troduced at or near the exhaust hood with minimal conditioning, 
and then quickly exhausted, saving heating and cooling energy.

Most buildings are designed to have positive air pressure 
as compared to the outdoors, so that unconditioned air does 
not enter through openings in the building envelope. Corridors 
should be supplied with fresh air, and residential units including 
apartments, condominiums, hotels, motels, hospitals, and nurs-
ing homes, should have exhausts.

Multistory buildings have chases for exhaust ducts through 
successive floors, which can double up with plumbing in apart-
ments, hotels, and hospitals. Kitchen exhausts must remain 
separate, due to the risk of fires. In major laboratory buildings, 
many exhaust stacks may be seen rising high above the roof.

FAn controLS
Sensor controls turn fans on and off based on humidity, provid-
ing excellent moisture control. Motion detectors turn fans on 
when someone is in the bathroom, and off when they leave. 
They may not work in some situations, such as for a person 
soaking quietly in a tub. Heat sensors can increase speed auto-
matically if extra heat is desired.

Variable speed controls match speed to the need for ventila-
tion. Running a fan slower is quieter, and may encourage more 
frequent use of ventilation.

Fans can be wired to the same switch as a bathroom light. 
You need a quiet fan if this arrangement is used. To leave the fan 
running, the light must also be on, wasting energy.

dEMAnd‐controLLEd VEntILAtIon
Demand‐controlled ventilation is possible where there is little or 
no off‐gassing of toxic materials, and where the primary ventila-
tion need is to avoid the build up of carbon dioxide. The amount 
of outside air is adjusted to achieve an acceptable carbon diox-
ide level, which reduces (but does not eliminate) the need for 
ventilation.

Figure 13.22 energy recovery ventilator 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 153. Design by Harry James Boody.
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HuMIdIty And MoISturE 
controL
Architects and engineers take elaborate and expensive precau-
tions to keep water out of buildings. Rain and snow and their 
surface runoff cause subsurface water to come in contact with 
building foundations. People track water into buildings. Conden-
sation, drips, leaks, and spills from piping, plumbing fixtures, 
cooking, washing, and bathing contribute unwanted water to 
building interiors.

Drying building materials including concrete, brickwork, tile 
work, and plaster produce water vapor that can create conden-
sation. Masonry materials all absorb water and transmit it to 
some extent. Water penetrating into brick, stone, or concrete 
and freezing causes spalling, the chipping of flakes from a sur-
face by expansion of water as it freezes.

Water destroys the insulating value of building materials 
and can raise humidity to unhealthy levels. Many materials used 
in building interiors disintegrate when wet, and water causes 
staining or corrosion of others. Water supports the growth of 
bacteria, molds, mildew, fungi, plants, and insects. It is a good 
conductor of heat, increasing thermal conductivity by creating 
a shorter path for heat flow.

There are many openings through which water can enter a 
building. These include planned movement joints, joints between 
exterior cladding materials, and cracks around door and window 
frames. Unintentional openings including concrete shrinking 
cracks result from poor workmanship, materials defects, holes 
for pipes and wires, and cracks and holes due to deterioration.

Water Movement
Gravity causes hydrostatic pressures exerted by water at rest 
where it accumulates. Air pressure differentials due to wind ac-
tion can drive water in any direction. Capillary action can pull 
water through porous materials and narrow cracks.

When water freezes into ice it clogs drainage paths, causing 
water to pond on the roof or ground. Its expansion creates open 
paths through the building enclosure.

Excess moisture in building materials can result in peeling 
paint, rusting metal, and deterioration of structural framing or 
joists. Damp materials attract dirt, requiring more cleaning and 
maintenance. Damp spaces foster the growth of many biologi-
cal pollutants, including bacteria and viruses. They also encour-
age pests including dust mites and cockroaches, and support 
mold growth.

The typical family of four produces an average of 4 gallons 
(15 L) of water vapor per day. The kitchen is one source of 
excess moisture. Cooking, especially boiling or simmering on a 
cooktop, produces water vapor. Microwaves and conventional 
ovens remove moisture from food and vent it into the kitchen. 
Gas cooking appliances generate water vapor as a combustion 
product, and can double the amount of moisture released into 
kitchen air. Running the dishwasher and defrosting the refrigera-
tor also add moisture to the air.

Moisture problems are more likely to occur in smaller, more 
tightly constructed residences. Hard or nonabsorbent materi-
als, such as glazed tiles, solid surfacing, vitreous china, and 
engineered stone, dry faster than absorbent ones. Sealers help 
with absorbent or porous materials such as clay tiles, marble, 
and grout.

Good air circulation speeds drying. Providing enough towel 
bars, rings, or hooks for all bathroom users and placing them 
near heat registers helps.

To control moisture, separate clothes storage from damp areas 
of the bathroom by a door or partition, and provide good ven-
tilation of the closet area.

Humidity
Water vapor is a colorless, odorless gas that is always present 
in air. The warmer the air, the more water vapor it can con-
tain. The amount of water vapor in the air is usually less than 
the maximum possible, and when the maximum is exceeded, 
water vapor condenses onto cool surfaces or becomes fog 
or rain.

As indicated in Chapter 1, relative humidity (RH) is the 
amount of vapor actually in the air at a given time, divided by 
the maximum amount of vapor that the air could contain at that 
temperature. Colder air can hold less water vapor. If the tem-
perature drops low enough, it reaches the dew point, which is 
the point at which the air contains 100 percent RH. The dew 
point temperature is the temperature at which water condenses 
out of air. When the RH is raised to 100 percent, as in a gym 
shower room or a pool area, fog is produced. The vapor con-
denses only enough to maintain 100 percent RH, and the rest 
stays in the air as a gas.

People are comfortable within the 20 to 50 percent RH 
range. In summer, relative humidity can be as high as 60 per-
cent when temperatures rise up to 75°F (24°C), but above that 
we are uncomfortable, because the water vapor (sweat) does 
not evaporate off our bodies well enough to help us cool off.

Humidity levels affect interior design materials. Too much 
moisture causes dimensional changes in wood, most plant 
and animal fibers, and even in masonry. Steel rusts and wood 
rots. Surface condensation damages decorative finishes 
and wood and metal window sashes as well as structural  
members.

Specific humidity is the amount of water vapor in the air 
sample measured in weight of water per weight of air. It is indi-
cated in pounds of water vapor per pound of dry air (grams of 
water per grams of air).

The effect of humidity on thermal comfort occurs only be-
low 20 percent and above 60 to 75 percent. Below the higher 
limit, the body has no difficulty releasing about a quarter of its 
heat. A household RH between 40 and 60 percent is generally 
comfortable but still prevents condensation and mold growth.
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Even at normally acceptable interior humidity levels, moisture 
can collect on interior sides of exterior walls behind furniture 
such as bookcases.

In summer, concrete basement walls, floors, and slabs‐on‐
grade that are cooled by the earth can collect condensation. 
Rugs on the floor or interior insulation on basement walls inhibit 
the rise in the concrete slab temperature and make matters 
worse. Both rugs and insulation may be damaged if the relative 
humidity is very high or if condensation occurs. Insulating the 
exterior or below the slab with well‐drained gravel can help.

Where a significant difference in interior and exterior tem-
peratures exists, condensation can occur within an exterior 
wall’s insulation. (See Figure 13.23) In winter, air cooled below 
the dew point fogs and frosts windows, and condensation can 
cause rust or decay when it collects under window frames. Win-
tertime condensation collects on cold closet walls, attic roofs, 
and single‐pane windows.

Blowing warm air across perimeter windows artificially 
warms cold surfaces, and avoids condensation. Ventilating 
moist air out of the space reduces water vapor in the air. Room 
arrangements can be designed to avoid pockets of still air and 
surfaces shielded from the radiant heat of the rest of the room. 
Interior surfaces should be insulated from the cold outdoors 
in the winter. Enough air motion should be provided to keep 
condensation from settling on cold surfaces in the winter. Cold 

For more information on humidity, see Chapter 12, “Principles 
of Thermal Comfort.”

LoW HuMIdIty
Heated winter air can be very dry, causing wood in buildings 
and furniture to shrink and crack. Wood shrinks primarily in the 
dimension perpendicular to the grain, leaving unsightly cracks 
and loose furniture joints.

Low humidity below 20 percent RH causes plants to wither. 
Our skin becomes uncomfortable and dry, and the mucous 
membranes in our nose, throat, and lungs become dehydrated 
and susceptible to infection. Added moisture helps, as do lower 
air temperatures that reduce evaporation from the skin.

Dry air can generate shocks. Carpeting and resilient flooring 
is commercially available that incorporate conductive materials 
that reduce voltage buildup and help to alleviate static electric 
shocks.

In warm‐air heating systems, moisture can be added to 
the air as it passes through the furnace by using water sprays 
or absorbent pads or plates supplied with water. Pans of wa-
ter on radiators are an old‐fashioned but effective method of 
raising humidity in the winter. Boiling water or washing and 
bathing release steam. Plants release water vapor into the 
air, and water evaporates from the soil in their pots. Spraying 
plants with a mist increases the air humidity, and the plants 
like it, too.

HuMIdIFIcAtIon
Humidification adds moisture to the air without intentionally 
changing the air temperature. Although this can be accom-
plished with a humidifier, this is usually not adequate by itself to 
create thermally comfortable conditions.

Heating with humidifying is often desirable in smaller build-
ings in cold climates. No single HVAC device produces heating 
with humidification, so humidifiers are often added.

Electric humidifiers help relieve respiratory symptoms, but 
may harbor bacteria or mold in their reservoirs if not properly 
maintained. Task humidifiers are used to relieve symptoms of 
respiratory illnesses. Prevention of bacterial and mold growth 
in water reservoirs requires good maintenance. Adding an ultra-
violet (UV) lamp may counteract this threat.

condensation
When hot, humid air comes in contact with a cold surface, con-
densation forms. For example, when you take a glass of iced tea 
outside on a hot humid day, little drops of water will appear on 
the outside of the glass and run down the sides. The water va-
por in the air condenses to form visible droplets of water on the 
cooler surface. In cold climates, water vapor can condense on 
the cold interior surfaces of windows. Condensation can result 
in water stains and mold growth.

Figure 13.23 Thermal gradient 
Source: Redrawn from Norbert Lechner, Heating, Cooling, Lighting, 
Wiley 2009, page 500
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The amount of vapor pressure within a building depends on 
the amount of vapor produced, its inability to escape, and the 
air temperature. The higher the moisture content in the air, the 
higher the vapor pressure.

The temperature drops gradually from the warmer surface 
to cooler one. Temperature drops at different rates through the 
various layers of construction until the surface of the cool side 
is just slightly warmer than the cold air temperature.

Indoor air in cold climates may be more humid than outdoor 
air, and vapors will then flow from the warmer interior to the 
colder exterior surfaces of the walls, ceilings, and floors. This 
can leave the building envelope permeated with moisture.

A solid coat of exterior paint that keeps the water vapor from 
traveling out through the building’s wall will trap vapor inside. Va-
por pressure can raise blisters on a wall surface that will bubble 
the paint right off the wall. This is sometimes seen outside kitch-
ens and bathrooms, where vapor pressure is likely to be highest.

By using a vapor barrier as close to the warm side of the 
building envelope as possible, this creeping water vapor can 
be prevented from traveling through the wall. The vapor barrier 
must be between the main insulating layer and the warm side of 
the wall. (See Figure 13.25)

In a cold climate, the vapor barrier should be just under the 
plaster or paneling inside the building. In an artificially cooled 
building in a warm climate, the warm side is the outside. When 
the interior side of a wall is warmer than the exterior, the warm 
inside air will release water vapor as it moves to the drier air 
outside.

In hot humid climates, the problem is to keep the moisture 
from getting into the interior of the building. A drainage plane 
inside the exterior surfacing material is safer than using a vapor 
barrier that may keep the moisture trapped in the wall.

Vinyl wallcoverings or vapor barrier paints on interior surfac-
es offer some protection, but do not replace the need for a vapor 
barrier. Where adding a vapor barrier to an older building is not 
practical, plugging air leaks in walls and applying paint to warm‐
side surfaces while providing ventilation openings on cool‐side 
surfaces clears moisture from the construction interior. Special 
vapor retardant interior paints are available for this purpose.

water pipes and ductwork should be insulated in the summer. 
Reducing the amount of water vapor in the air avoids condensa-
tion in all seasons.

Insulated curtains that can be moved over windows can con-
tribute to condensation problems, since the interior surface of 
the window is shielded from the heating source in the room and 
becomes cold. If warm room air can pass around or through 
the insulating window treatment, moisture will condense on the 
window. Thermal window treatments designed to seal out cold 
air need to be properly gasketed or sealed at the top, bottom, 
and sides to prevent moist room air from entering the space 
between the insulation and the glass, where it will condense 
against the cold window. The insulating material must also be 
impervious to moisture that might accumulate.

For more information on moisture and the building envelope, see 
Chapter 2, “Designing for the Environment.”

concEALEd condEnSAtIon
When the moisture content of the air rises inside a building, it 
creates vapor pressure, which drives water vapor to seeking 
equilibrium by expanding into areas of lower vapor pressure like 
the exterior walls. When there is moist air on one side of a wall 
and drier air on the other, water vapor migrates through the 
wall from the moist side to the drier side. Water vapor will also 
travel along any air leaks in the wall. Most building materials 
have relatively low resistance to water vapor.

When the temperature at a given point within a wall drops 
below the dew point at that location, water vapor condenses 
and wets the interior construction of the wall. (See Figure 13.24) 
This condensation causes an additional drop in vapor pressure, 
which then draws more water vapor into the area. The result can 
be very wet wall interiors, with insulation materials saturated 
and sagging with water, or frozen into ice within the wall. The 
insulation becomes useless, and the heating energy use of the 
building increases. The wall framing materials may decay or cor-
rode, and hidden problems may affect the building’s structure.

Figure 13.24 Without vapor barrier
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tioning. Dehumidifiers chill air, which lowers the amount of mois-
ture the air can hold and causes water vapor to condense on 
the cooling coils of the dehumidifier. The condensed water then 
drops off into the dehumidifier’s collection container. Accumu-
lated water must be removed periodically to avoid disease.

Refrigerant dehumidifiers are often free-standing units 
used in smaller buildings. Refrigerant dehumidifiers do not 
work well below 65°F (18°C), because frost forms on their 
cooling coils; they might not be an appropriate choice in a 
cool basement. They require regular maintenance, and gener-
ate both heat and noise. The equipment must be sized to the 
space it serves.

Dessicant dehumidifiers rely on desiccants (porous materi-
als such as silica gel, activated alumina, and synthetic polymers 
with a high affinity for water vapor) that lower humidity without 
overcooling the air. In active desiccant systems, desiccants are 
usually heated with natural gas or solar energy to drive out the 
moisture that they have removed from the air. Passive systems 
use the heat from the building’s exhaust air to release and vent 
moisture removed from incoming air. Dessicant dehumidifiers 
use no refrigerants, and can lower humidity without overcooling 
the air.

This chapter has echoed back to what was covered in Chap-
ter 2, “Designing for the Environment,” and has looked ahead 
to the contents of our next chapter, Chapter 14, “Heating and 
Cooling.” As you can see, building systems are very much 
intertwined.

dehumidification
Ventilating or dehumidifying the interior space can help prevent 
concealed condensation. Dehumidification removes moisture 
without intentionally changing air temperature.

Although lower humidity does not lower air temperature, it 
does increase comfort. Excessively low humidity can cause dis-
comfort from dry skin.

Sensible cooling reduces air temperature without chang-
ing absolute humidity. Some HVAC systems use sensible cool-
ing through part of their operating range. Other systems, such 
as radiant cooling systems, are specifically designed as sen-
sible cooling devices. Lower humidity feels cooler and drier. Too 
low may result in skin irritation.

Combining cooling and dehumidification combines sensible 
and latent cooling processes. Most active cooling systems pro-
duce both sensible and latent cooling effects.

evaporative cooling involves simultaneous sensible cool-
ing and latent heating (cooling plus humidification). Sensible 
heat is exchanged for latent heat at little net energy cost. 
Evaporative cooling is very efficient where climate conditions 
support the process.

Evaporative cooling is covered in more detail in Chapter 14, 
“Heating and Cooling.”

dEHuMIdIFIErS
Refrigerant (mechanical) dehumidifiers are an option for spaces 
that do not need mechanical cooling but do need to reduce 
humidity. Dehumidifiers operate on same principle as air condi-
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 14
Heating and Cooling

In recent years, the approach of architects and engineers to the 
design of building heating and cooling systems has undergone 
significant and substantial change.

During the second decade of the twenty‐first century, 
several trends appear to be bubbling in the world of HVAC 
design. These are being driven by a desire to produce 
higher‐performance buildings—deep green projects, 
net‐zero energy projects, carbon‐neutral projects. One 
trend. . . is a willingness to let active systems partner 
with passive systems. No matter how efficient an active 
HVAC system, an appropriate passive system will use 
less energy (and renewable energy to boot). One of the 
more direct paths to net‐zero energy is not to reduce 
energy use for heating and cooling, but rather to 
eliminate such energy use. Building automation systems 
make the integration of active and passive systems 
easier to manage. (Walter T. Grondzik and Alison G. 
Kwok, Mechanical and Electrical Equipment for Buildings 
[12th ed.], Wiley 2015, pages 556–557)

IntroduCtIon
The design of the HVAC system has major implications for the 
building’s architecture and interior design. The architect must co-
ordinate with all consultants from the beginning of the project to 
make decisions about the use of HVAC equipment. The design of 
the mechanical system has become more fully integrated with the 
architectural and structural design, and is developed concurrently.

In the past, designers tended to close the building, exclude 
the outdoors, and rely on mechanical equipment. Now they 
need to clarify whether equipment is used for occasionally 
modifying environmental conditions, as permanent connectors, 
or as permanent excluders of the outdoors. Where HVAC equip-
ment is used, spaces requiring quiet, such as bedrooms and 
conference rooms, should be located as far away from noisy 
equipment as possible, both horizontally and vertically.

Instead of approaching design with the expectation that we 
can depend on complex, energy‐consuming mechanical 
systems to provide acceptable thermal conditions, 
regardless of how environmentally irresponsible we 
might choose to be in our design, we must begin with 
a commitment to maximize the architectural potential to 
establish comfortable conditions through passive means 
that do not rely on energy consumption. In this approach, 
the intention is to use mechanical systems to supplement 
architectural contributions rather than to correct 
architectural problems. (David Lee Smith, Environmental 
Issues for Architecture, Wiley 2011, page 189)

Architectural and Engineering 
Considerations
In most North American climates, the roofs, walls, windows, 
and interior surfaces of a carefully designed building can main-
tain comfortable interior temperatures for most of the year. The 
building’s form, along with the climate, produces air motion; 
mechanical assistance is provided for faster speeds.



244    |    HEATING, COOLING, AND VENTILATION SYSTEMS 

The mechanical engineer decides which HVAC system will 
be used in a large building based on costs, the intended oc-
cupancy, floor space for the required equipment, maintenance 
requirements, and system controls. The architect must com-
municate and coordinate with the engineer, and work to assure 
that the architectural and interior design will be integrated with 
the engineering system.

Together, the architect and engineer evaluate issues that 
affect the thermal qualities of the building such as insulation 
and shading that influence the size and fuel consumption of me-
chanical equipment. Architectural design elements may reduce 
the operating expenses of the system and decrease the size 
and initial cost of HVAC equipment, but increase the initial cost 
of the building’s construction. Cost effectiveness analyses help 
determine the optimal economic balance between passive and 
active approaches.

IntErIor dEsIgn ImplICAtIons
The architect and interior designer are both concerned with the 
locations and dimensions of ductwork and piping. The noise 
generated by mechanical equipment is an acoustic concern for 
them both.

Early in the project, the architect must consider the size 
and location of central HVAC mechanical rooms, which may be 
either separate spaces or combined together. HVAC require-
ments can have a substantial impact on the space plan, ceiling 
heights, and other interior design issues, so getting involved 
early in the process is a good idea.

The locations and dimensions of piping and ductwork will 
determine where chases must be located for distribution equip-
ment running vertically between floors. Suspended ceiling grids 
make access to ductwork easier. With proper early planning, 
only minor changes in the floor plan will be needed to fit in the 
final mechanical design.

Space must be allocated along exterior walls for exposed 
terminal delivery devices, such as registers and diffusers. Their 
form and position must be coordinated with the interior design, 
to avoid conflicts between furniture arrangements and the 
location of grilles or wall‐mounted units. Thermostat locations 
are determined by the engineer and are dependant upon the 
surrounding heat sources, but affect the visual quality of the 
interior space.

The HVAC distribution pattern directly affects the interior 
designer’s work. Code‐mandated building height limits may limit 
floor to ceiling heights. Ceiling heights and the transition from 
higher to lower spaces has a direct impact on interior volumes 
and relationships. Ductwork lowers ceiling heights, and can af-
fect daylighting design.

Heating and cooling systems continue to evolve, with 
equipment being replaced by passive building energy design. 
However, substantial amounts of HVAC equipment are still used 
in many large buildings. As an interior designer, you should be 
aware of how heating and cooling equipment works, and of how 
the equipment will affect your design, energy efficiency, and 
your client’s comfort. Interior design issues such as whether 

to use an open office plan or private enclosed offices have a 
significant impact on the mechanical system, and should be 
shared with the engineer early in the design process.

Commercial office design is going through major changes. 
Four basic types of office space may be interchanged within a 
flexible overall plan. These include enclosed offices, open plan 
offices with dividers at around desk‐height, open plan offices 
with higher partitions for privacy, and open plan offices with 
some individually designed workstations and partitions of vary-
ing heights. The acoustic and privacy challenges of open offices 
continue to undergo development.

Uniform ceiling heights, lighting placement, and HVAC grille 
locations increase flexibility in office arrangements and extend 
the building’s useful lifespan. Diversity in ceiling lighting, air 
handling, and size can make design of connecting corridors, 
lounges, and other support services more difficult. Diverse de-
sign elements require complete and detailed design of a space, 
but the resulting design may be a more complex and interest-
ing building for designer, builder, and user. Variety aids user 
orientation and distinguishes spaces from one another.

Some spaces require diverse thermal conditions. In winter, we 
expect offices to be relatively warmer than circulation spaces that 
transition from the exterior to the interior. Transitional spaces that 
are closer to outside temperatures can make key spaces seem 
more comfortable without extreme heating or cooling, saving 
energy over the life of the building.

The design of the air circulation and ventilation system 
interacts with the layout of furniture. Even furniture like filing 
cabinets and acoustic screens less than 5 feet (1.5 meters) 
high can impede air circulation. If walls or full‐height partitions 
enclose spaces, each enclosed space should have at least one 
supply vent and one return or exhaust vent.

HVAC design process
Project scope and extent varies with project size and complexity. 
For a smaller building, HVAC selection and design may be done 
by the architect alone or with the assistance of a mechanical 
contractor. Larger, more complex buildings involve consulting 
engineers, sometimes with other specialists such as fire protec-
tion engineers and laboratory consultants.

Once the extent of active HVAC design has been established, 
the mechanical engineer selects the HVAC system based on 
performance, efficiency, and initial and life costs of the system. 
The engineer considers the availability of fuel, power, air, and 
water, and the means for their delivery and storage. The need 
for access to outdoor air is taken into account. The system is 
evaluated for its flexibility to serve different zones with differ-
ing demands. The type and layout of the distribution system 
for heating and cooling is reviewed, with an eye to laying out 
efficient short direct runs and a minimum number of turns and 
offsets that minimize friction losses.

HVAC equipment can take up 10 to 15 percent of the build-
ing area. The size requirements for a building depend on the 
heating and cooling loads, and the role of passive design. Some 
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pieces require additional access space for service and main-
tenance. Codes may require mechanical areas to have noise 
and vibration control and fire-resistant enclosures. Heavy equip-
ment may need additional structural support.

CEntrAlIzEd VErsus loCAlIzEd EquIpmEnt
The designer of the mechanical system for a building looks at 
whether the building’s needs are dominated by heating or by 
cooling concerns. Because climate is such a strong factor in 
small buildings, and heating and cooling needs may vary room‐
by‐room, localized equipment rather than a centralized system 
may be the better choice.

Centralized HVAC equipment is often located outside the 
occupied space to facilitate regular maintenance. Large‐scale 
equipment may promote energy recovery. On the other hand, 
centralized HVAC systems distribute heating and cooling 
through distribution trees that take up a lot of space, both 
horizontally and vertically. (See Figure 14.1) They need to be 

coordinated with the lighting, ceiling design, and other interior 
design elements. The breakdown of a single piece of equipment 
may affect the entire building. Energy is wasted when the entire 
system is activated to serve a single zone.

A localized HVAC system is more responsive to the differing 
but simultaneous needs common to skin‐dominated buildings. 
Distribution trees are shorter, and control systems are simpler. 
However, equipment produces noise in occupied rooms, where 
performing maintenance may be disruptive.

History
In the first century ce, the Roman hypocaust passed warm air 
from a central furnace under raised floors and up via flues in 
walls. The floor was usually topped with poured concrete and 
finished with tiles or mosaics. Unfortunately, this early central 
heating disappeared with the fall of the Roman Empire.

In medieval Western Europe, an open fire in the center of 
a room provided heat, light, and fire for cooking, with smoke 
exiting through the roof or high windows. The invention of 
the chimney in the twelfth century made buildings relatively 
smoke‐free but harder to heat, and the resulting fireplace was 
only about 10 percent energy efficient. Eventually, ceramic 
stoves, with 30 to 40 percent efficiency, gained popularity in 
colder parts of Europe.

In a large manor house, everyone usually slept in the main 
hall with a large central fire on cold nights. Heavy curtains were 
sometimes used to divide the large heated space into areas 
for varied thermal conditions and privacy. This evolved into a 
large bed for the lord and lady, enclosed with curtains hung 
from the ceiling, and then into a bed with a frame supporting 
the curtains.

English settlers brought the fireplace to North America. 
Observing that forests were being cut down near big cities for 
fuel, Ben Franklin invented a fuel‐efficient cast iron stove.

The Industrial Revolution brought steam heat to Europe in 
the eighteenth century. Steam conveyed in pipes heated public 
buildings and the homes of wealthy people. The extremely hot 
surfaces of the steam pipes dried out the air uncomfortably and 
generated the odor of charred dust.

Homes in eighteenth-century North America had a large coal 
furnace in the basement that sent heated air through a network 
of pipes with vents in major rooms. Around 1880, many build-
ings were converted to steam systems. A coal furnace heated a 
water tank, and hot air pipes carried both steam and hot water 
to vents connected to radiators.

By the nineteenth century, central heating was popular in 
larger buildings, with gravity air and water systems in multistory 
buildings. Basements held a furnace or boiler next to a wood or 
coal bin. Heated air or water was moved through the building by 
natural convection currents.

Beginning in the twentieth century, airflow was controlled by 
fans in forced air systems, resulting in much longer duct runs 
that could also move cold air. True active cooling did not appear 
in buildings until after World War II.

Figure 14.1 Centralized HVAC system 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 11.17
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With the increasing use of electric lighting and air condition-
ing, floor plans became wider and large central internal areas 
developed. For example, the RCA Building in New York’s Rock-
efeller Center (1931–1932) retained a slab‐like floor plan that 
allowed daylight to reach the working areas arranged around a 
core containing elevators and other service spaces. Central boil-
ers, chillers, and fan rooms supplied large quantities of forced 
cooled air through bulky air distribution trees. The advent of 
glass curtain walls and the slick, two‐dimensional modern look 
in the mid‐twentieth century made air distribution trees visually 
intrusive, and they were pushed to the building’s core.

Heating and cooling systems became more complex and 
specialized in a wide range of building types. Specialization and 
separation of design responsibilities resulted in a poorly integrat-
ed design process, which was not good for owners and put road-
blocks in the path to high‐performance building outcomes. To-
day, we are well on the way to a fully integrated design process.

Building Energy Conservation
Architects and engineers are designing buildings with systems 
intended to wean us from our dependence on nonrenewable 
fuels. With an eye to protecting natural resources and preserving 
the environment, building engineers are seeking ways to share 
heating and cooling tasks between mechanical systems and 
natural ventilation and daylighting. Energy conservation mea-
sures include economizers, runaround coils, energy storage, 
and geoexchange systems. (See Table 14.1)

HEAt ExCHAngErs
Heat exchangers are widely used today. (See Figure 14.2) 
They are also referred to as heat recovery ventilators (HRV) or 
air‐to‐air heat exchangers. They recover heat from air that is 

being exhausted and transfer it to make‐up outside air coming 
into the building, saving heating energy. Heat exchangers need 
their out and in streams to be adjacent. They are incorporated 
at the central forced‐air fan where possible, or at various points 
in building, where each has its own fan.

Among the variety of heat recovery devices used today are 
run‐around coils, heat exchangers, energy transfer wheels, heat 
pipes, and process waste heat recovery. (See Table 14.2, and 
Figures 14.3 and 14.4)

TAble 14.1 energy ConserVATion equipmenT
Type Description

Boiler fuel economizers Hot gases from boiler stack preheat 
incoming boiler water.

Runaround coils Transfer heat between intake and 
exhaust air ducts.

Economizer cycles Cool outdoor air aids refrigeration 
cycle as it cools recirculated indoor 
air. Filters and tempers outdoor air.

Energy storage Central water and ice storage 
tanks in large buildings use daily 
temperature changes to increase 
efficiency, reduce consumption.

Geoexchange systems Geothermal wells tap earth’s deep 
heat sources.

Ground source heat pumps use 
near‐surface heat.

Reservoirs and other water bodies 
used as thermal sinks.

Figure 14.2 Air‐to‐air heat exchanger 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 152
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TAble 14.2 HeAT reCoVery From exHAusT Air
Closed‐loop run‐
around

Fluid in finned‐tube coils in incoming and 
exhaust air streams is alternately heated 
and cooled by two air streams, transfers 
sensible heat.

Open run‐around Hygroscopic fluid spray transfers both 
sensible and latent heat between air 
streams. Two air ducts do not have to be 
adjacent.

Air‐to‐air heat 
exchanger

Intake and exhaust ducts brought together 
at heat but separated by heat transfer 
surface, so sensible heat flows through.

Energy transfer 
wheel

Regenerative heat wheel: Revolving 
wheel with large surface area picks up 
heat from incoming air and stream and 
releases sensible heat and moisture to 
exhaust air stream.

Heat pipe Coil contains bundle of straight tubes 
with radiating fins. Each tube is separate 
heat pipe, passive heat exchanger 
with no moving parts, long life without 
maintenance. Recovers only sensible 
heat. Very high efficiency.

Process waste 
heat recovery

Hot kitchen and laundry drain lines with 
heat exchanger, heat pump extracting 
heat at lower temperatures from cold 
drain lines, other methods.
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 ● ASHRAE Standard 62.2‐2013—Ventilation and Acceptable 
Indoor Air Quality in Low‐Rise Residential Buildings

Most building codes now contain minimum requirements for 
energy conservation that apply to all new construction, includ-
ing single‐family residences.

The 2012 International Energy Conservation Code® (IECC) is 
a model code that establishes minimum design and construc-
tion requirements for energy efficiency. It references standards 
for both commercial and residential projects.

The International Residential Code (IRC) requires that the 
interior design temperatures used for heating and cooling load 
calculations shall be a maximum of 72°F (22°C) for heating and 
minimum of 75°F (24°C) for cooling. At least one programmable 
thermostat is mandatory. Other energy-efficiency measures apply.

The many fire protection standards published by the 
National Fire Protection Association (NFPA) are also impor-
tant resources. These include standards for heating and air 
conditioning systems.

HEAtIng systEms
There are four means of introducing heat into a building: 
on-site combustion, electric-resistance, heat transfer from an 
on‐site source, or energy capture. (See Table 14.4) However, 
there are dozens of specific equipment options.

Figure 14.3 Heat pipe heat exchanger
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Figure 14.4 energy transfer wheel
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Heating and cooling equipment is given energy efficiency 
ratings. These include AFUE, COP, EER, IPLV, and SEER ratings. 
(See Table 14.3)

Codes and standards
In the United States, it is rare for a code to specifically require 
that an HVAC system be provided for a building, or that a build-
ing be thermally comfortable. However, once a decision has 
been made to provide an HVAC system, there are many codes, 
standards, and guidelines that address the design and instal-
lation of specific components or equipment, the arrangement 
and installation of systems, and overall system performance 
(especially energy efficiency).

The 2013 ASHRAE Handbook—Fundamentals (ASHRAE 
2013) provides an extensive list of HVAC‐applicable codes and 
standards. Three important and commonly encountered stan-
dards and guidelines are:

 ● ANSI/ASHRAE/IES Standard 90.1‐2013—Energy Standard 
for Buildings Except Low‐Rise Residential Buildings

 ● ASHRAE Standard 62.1‐2013—Ventilation for Acceptable 
Indoor Air Quality

TAble 14.3 HeATing AnD Cooling equipmenT 
eFFiCienCy rATing sysTems
rating Definition

Annual fuel utilization 
efficiency (AFUE)

Ratio of annual fuel output energy 
to annual input energy; includes any 
nonseason pilot input loss. Heating 
and cooling equipment.

Coefficient of 
performance (COP)

For cooling systems: ratio of rate of 
heat removal to rate of energy inputs 
in consistent units.

For heat pump system: ratio of rate 
of heat delivered to rate of energy 
input in consistent units.

Energy efficiency 
ratio (EER)

Ratio of net equipment cooling 
capacity in BTUH to total rate 
of electric input in watts. When 
consistent units are used, this ratio is 
same as COP.

Integrated part load 
value (IPLV)

Single number figure of merit. Part‐
load efficiency for air conditioning 
and heat pump equipment.

Seasonal energy 
efficiency ratio (SEER)

Cooling in BTUH, divided by total 
electrical energy input during same 
period in watt‐hours. Total cooling 
output for an air conditioner during 
normal annual usage period for 
cooling.
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Central Heating systems
Central heat sources include electric, fuel, solar radiation, and 
other sources that transfer thermal energy to a fluid (air or water). 
As the temperature rises, the fluid changes from a liquid to a gas.

Central heating equipment selection depends largely on 
capacity and economic factors. System components depend 
on the types of fuels and space available. When possible, recov-
ering internal heat gains from lighting, people, and equipment 
reduces the size of the heating plant and its energy use.

Central heating systems are generally classified according 
to heat‐carrying medium (air, steam, water) and the energy 
source. Combustion systems such as gas, oil, coal, wood, and 
solid waste require a supply of air for combustion and to cool 
the mechanical space, plus a flue to remove combustion gases. 

TAble 14.4 meAns oF inTroDuCing HeAT To builDing
Type energy source requirements environmental efficiency

On‐site combustion, 
usually within building

Natural gas, oil, 
propane, firewood, coal

Needs supply of 
combustion air, and 
combustion gas exhaust

Most fuels are not 
renewable; all produce 
carbon emissions; 
hot air or hot water 
distribution

Varies, modern 
equipment tends to be 
around 95% efficient.

Electric-resistance Offsite electrical utility 
or on‐site PV or wind

Combustion air or 
exhaust venting not 
required

Can also produce hot 
air or hot water

On-site efficiency around 
100%; offsite, about 33%.

Heat transfer from 
on‐site source

May use electricity or 
be self‐powered

Heat exchanger, heat 
pump, etc.

May also produce hot 
air or hot water

Can be very energy 
efficient

Energy capture Solar energy, wind Energy from nonheat 
source converted to heat

Hot air or hot water 
readily produced

Sources tend to be carbon‐
free, no cost to supply

TAble 14.5 CenTrAl HeATing sysTems
system Type Description Advantages Disadvantages

Forced-air heating Air heated in gas, oil, or electric furnace is 
distributed by fan through ductwork to registers 
or diffusers. Used to heat houses, small 
buildings.

Can also ventilate, 
cool, control humidity, 
and filter. Quick 
response.

Bulky ducts, can be 
noisy. Difficult to install in 
renovations and to zone in 
small buildings.

Hot‐water heating Water heated in boiler is circulated by pump 
through pipes to radiators or convectors. Steam 
heating is similar.

Compact pipes in 
walls; radiant floor 
heating. Very quiet, 
easy to zone.

Usually only heating, with 
no ventilation, humidity 
control, or filtering. May 
leak.

Electric-resistance 
heating

Electric conductor resists passage of current and 
converts electricity into heat. Heating elements 
are in forced‐air heating system furnace or 
ductwork, in hydronic heating system’s boiler, or 
in space‐heating units.

Compact, quick 
response, easily 
zoned, quiet, low initial 
cost.

Expensive to operate 
(except heat pump), low 
source energy efficiency.

Radiant heating Uses heated pipes or tubing with hot water or 
electric‐resistance heating cables embedded in 
ceilings, floors to raise temperature.

Radiant ceiling panels 
can heat and cool.

Radiant floors are slow to 
respond to temperature 
changes.

Active solar heating 
system

Absorbs, transfers, and stores energy from solar 
radiation to heat or cool building. Uses solar 
collector panels, equipment for heat circulation 
and distribution, and heat exchanger.

Sustainable heat 
source.

Requires storage facility.

They are usually located on the building perimeter or roof for 
access to ventilation.

The basic types of central heating systems include forced-air, 
hot water, electric‐resistance, radiant, and active solar energy sys-
tems. (See Table 14.5)

Building Heating Fuels
We have already discussed the most powerful heating source 
at our disposal: the sun. Any building heating system must 
start with an assessment of the available free heat from the 
sun, and look to other fuel sources as supplements. In the 
United States today, the primary source of building energy 
remains fossil fuels. (See Table 14.6)
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solar space Heating
Solar energy conserves fossil fuels and decreases the level of 
air pollution emissions. It also allows on‐site self‐sufficiency. The 
amount of sunlight falling on a building typically carries enough 
energy to keep it comfortable throughout the year. Most solar 
heating systems can handle 40 to 70 percent of the heating 
load for a building.

In a purely passive solar design, the sun is the only en-
ergy source, and the building itself is the solar system. This 
chapter looks at active and hybrid solar heating systems. (See 
Table 14.7)

For more information on passive solar design, see Chapter 2, 
“Designing for the Environment.”

Residential solar heating system applications are typically 
used for small‐scale, externally loaded buildings. These build-
ings can be designed to be responsive to climate and site 
concerns.

Commercial buildings may be large‐scale, internally loaded 
buildings, where climate and site responses are intended pri-
marily to minimize heat gain from the environment during the 
cooling season. Passive solar heating may not be the best 
solution in these well‐insulated buildings with internal loads and 
their need for ventilation air. An active or hybrid solar heating 
system may be the answer.

TAble 14.6 builDing HeATing Fuels
Fuel Description

Oil Burned in a central system, then 
distributed as steam, water, 
or air. Around 85% efficient. 
Delivered by truck to building’s 
storage tank.

Natural gas Around 95% efficient. Does 
not require storage in building. 
Distinctive odor added to aid leak 
detection.

Liquified gas Propane and butane are petroleum 
gases that become liquids under 
moderate pressure. Transported in 
pressurized cylinders, connected 
to building’s gas piping. Used 
for small installations in remote 
locations.

Coal Rarely used for heating new 
residential construction; requires 
complex heating system with high 
maintenance requirements. Bulky, 
heavy, dirty.

Wood (cordwood) Requires storage space. 
Incomplete combustion can give 
off dangerous gases. Chimney 
must be cleaned often to remove 
creosote (tar residues).

Wood pellets Dense pellets of sawdust. Efficient, 
cleaner, saves storage space, 
produces less pollution than 
cordwood. Automatically fed into 
stoves by auger.

Electricity Requires little distribution 
space; easy individual control. 
100% efficient within space, but 
considering fuel used to generate 
electricity, only 30% overall.

Fossil fuels include gas, oil, and coal. The heating system is 
the largest energy expense in most homes, accounting for two‐
thirds of the annual energy bill in colder climates. According to 
the US Department of Energy (DOE) Buildings Energy Data Book 
(March 2012), buildings consume 41 percent of primary energy 
in the United States.

For every unit generated by electric fossil fuel or nuclear 
energy, two or three units are discarded into waterways or 
the atmosphere. Consequently, electric heat is roughly half as 
efficient in terms of fuel consumption as direct combustion of 
fuel in heating devices inside a building.

See Chapter 1, “Environmental Conditions and the Site,” for more 
information on fuel sources.

TAble 14.7 pAssiVe AnD ACTiVe solAr 
HeATing CompArison
passive Active

The building is the 
system; no separate 
collectors

Generally use outdoor collector 
panels to collect heat

Thermal energy flows 
naturally by radiation, 
conduction, and natural 
convection, without 
pumps or fans

Heat is transported with fans, 
pumps, other mechanical 
equipment

No storage units Heat transported by water or 
air from isolated storage unit to 
building spaces

No mechanical 
elements; little or no 
noise

Mechanical distribution system

Lasts as long as 
building itself; no 
moving parts

Typically lasts 20 years until some 
equipment needs replacement

Depends heavily on 
local site and climate

Better thermal control, easier to 
retrofit



250    |    HEATING, COOLING, AND VENTILATION SYSTEMS 

ACtIVE solAr HEAtIng systEms
Active solar heating systems offer better control of the 
environment within the building, and can be added onto most 
existing buildings. Active solar heating systems absorb solar 
energy in flat‐plate collectors, from which heat is removed by a 
heat transfer fluid and conveyed to storage. (See Figure 14.5) 
These systems use pumps, fans, heat pumps, and other me-
chanical equipment to transmit and distribute thermal energy 
via air or a liquid. Most systems use electricity continually 
to operate the system. Many buildings use hybrid systems, 
with passive solar design features and electrically driven fans  
or pumps.

There are two general types of collectors used with active 
solar heating systems: flat‐plate collectors (collector panels) 
and concentrating collectors.

Flat‐plate collectors are more common, cost less, and 
are available in many designs and materials. The sun’s rays pass 
through cover plates and heat up the blackened metal surface 
of the absorber plate. Fluid circulated through tubes or channels 
in the plate picks up heat and carries it to a remote storage 
unit. When the absorber’s temperature is greater than the sur-
rounding ambient temperature, the collector loses heat. Glazing 
over the absorber plate reduces radiation and conduction heat 
losses. Panels are typically around 4 by 8 feet (1.2 by 2.4 m). The 
absorber can be painted black or have a high‐efficiency selective 
surface coating.

Concentrating collectors use only the direct rays of the 
sun. They can achieve much higher temperatures than flat plate 
collectors. Concentrating collectors are used for absorption or 
Rankine cycle cooling, or to produce steam to drive electrical‐
generating turbines or other equipment. Concentrating collectors 
generally use optical lenses or reflectors to focus direct‐beam 
solar radiation onto a much smaller point than their receiving 
aperture, concentrating energy to produce higher temperatures. 
Most concentrating collectors use sun‐tracking mechanisms to 
receive the maximum amount of direct radiation.

solar hot air collectors use air rather than water or another 
fluid primarily for space heating. Air does not boil or freeze, and 
leaks do no damage. Warm air can be used directly to heat the 
building. Solar hot air systems require fan power, bulky collec-
tors, and ducts.

Solar collectors can be located anywhere near or on a 
building that is exposed to direct sunlight, but are usually on the 
roof. The optimum size of the collector array requires study for 
each installation.

Backup sources that are provided for long periods of low 
sunlight or when the system is out of service can also furnish 
supplemental heat. A heat pump can serve as a backup for both 
heating and cooling.

The storage facility for active systems holds heat for use at 
night and on overcast days in an insulated tank filled with water 
or other liquid, or in a bin of rocks or phase‐change salts for air 
systems.

Heat distribution in an active solar system is similar to 
that in a conventional heating system, using all‐air or air‐water 
delivery. A heat pump or absorptive cooling unit accomplishes 
cooling.

Fireplaces and Wood stoves
Wood is popular for heating homes in regions where energy 
costs are high and local regulations permit burning wood. 
Fireplaces and wood stoves require maintenance if they are to 
remain reliable and safe.

Wood‐burning fireplaces and stoves burn seasoned wood 
or manufactured wood logs or pellets. They can add to indoor 
and outdoor air pollution, emitting carbon monoxide, irritating 
particles, and sometimes nitrogen dioxide. Wood smoke can 
cause nose and throat irritation and trigger asthma attacks. To 
keep chimneys clean and minimize pollution risks, it is advisable 
to burn small hot fires, not large smoky ones, use seasoned 
wood, and provide adequate ventilation. A significant amount of 
dry space is needed for wood storage.

CodEs And stAndArds
Strict environmental laws may prohibit burning wood on 
certain days for all but certified clean‐burning appliances, 
which usually means factory‐built fireplaces or wood stoves. 
The Environmental Protection Agency certifies prefabricated 
fireplaces and stoves for burning efficiency and allowable 
particulate emissions.

Figure 14.5 Active solar heating system 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 226
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The 2015 International Residential Code (IRC) sets 
requirements for chimneys and fireplaces, including hearth 
extensions, lintels, and clearances, among others. There are 
also requirements for factory‐built fireplaces and chimneys, and 
for masonry heaters.

ANSI/ASHRAE Standard 90.2 requires a fireplace to have 
a tight‐fitting damper, firebox doors, and a source of outside 
combustion air within the firebox.

Prefabricated fireplaces and woodburning stoves should 
be certified by the Environmental Protection Agency (EPA) for 
burning efficiency and allowable particulate emissions.

FIrEplACEs
A fireplace is technically a framed opening in a chimney, designed 
to hold an open fire and sustain the combustion of fuel. Modern 
fireplaces combine masonry and steel construction; some are 
almost entirely steel.

Fireplaces should be designed to carry smoke and other 
combustion by‐products safely outside, and to radiate the 
maximum amount of heat comfortably into the room. The 
designer must keep the fireplace adequate distances from 
combustible materials. Multifaced fireplaces are sensitive to 
drafts in a room, so avoid placing their openings opposite an 
exterior door.

To burn properly, a fire requires a steady flow of air. Tra-
ditional fireplaces draw the air for combustion from inside the 
house. A standard fireplace is only around 10 percent efficient 
unless it has a heat exchanger, outdoor combustion air, and 
doors. With a direct exterior air supply, this may increase to 
around 20 to 30 percent efficiency.

Metal fireplace inserts for newer fireplaces circulate room 
air around the firebox. Sometimes a fan is used to increase heat 
transfer to the circulating room air.

Masonry fireplaces heat the fireplace and chimney masonry, 
which evens out and prolongs the flow of heat from the fire. 
Masonry construction can make use of the exterior walls, or 
employ a wood frame construction with a central masonry shaft 
collecting the flues.

The parts of a fireplace and its chimney are designated 
with traditional terms. (See Figure 14.6) The flue creates a 
draft and carries off the smoke and gases of a fire to the out-
side. The smoke chamber connects the throat of a fireplace 
to the flue of a chimney. The smoke shelf at the bottom of a 
smoke chamber deflects downdrafts from the chimney. The 
throat is the narrow opening between a firebox and the smoke 
chamber; it is fitted with a damper that regulates the draft 
in a fireplace. The firebox is the chamber where combustion 
takes place. The hearth extends the floor of a fireplace with a 
noncombustible material such as brick, tile, or stone. A build-
ing’s chimney may serve more than one fireplace and also vent 
other heat sources.

Interior designers may be particularly involved in the design 
of the hearth, which is made of noncombustible material (brick, 
tile, stone) and extends the floor of the fireplace out into the 
room to resist flying sparks. The chimneybreast and mantle are 

often treated as focal points in a room. The chimneybreast is 
the part of the wall that projects a few inches into the room. A 
mantle may trim the top of the fireplace.

Wood‐burning fireplace types include traditional brick or 
stone masonry, high‐efficiency (HE) or hybrid wood‐burning, 
manufactured prefabricated, Rumford, heat‐circulating, zero‐
clearance, and glass enclosed fireplaces.

Gas logs and gas fireplaces burn natural gas or propane 
to provide flames that are largely decorative, although some 
units also provide heat. Gas fireplaces require only a small vent. 
Direct‐vent models can be vented directly through an exterior 
wall and do not need a chimney.

Ceramic gas logs can be hooked up to a gas starter in a 
fireplace or a line brought to the firebox. Gas logs should be 
installed only in a fireplace designed to burn wood and always 
operated with the damper open, so carbon monoxide combus-
tion gases will vent up the chimney.

Figure 14.6 Fireplace and chimney section 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 217
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Vented gas logs attach to a gas hookup, and can be used in 
any UL‐listed solid fuel burning fireplace. Vent‐free gas logs can be 
used in any UL‐listed solid fuel burning fireplace or American Gas 
Association (AGA) listed design‐certified vent‐free fireplace. Both 
can be placed directly on a grate, or on a flame pan covered with 
a bed of volcanic granules that simulate a wood fire.

Electric fireplaces have a realistic flame appearance. They 
can be plugged in and installed in any room. They are designed 
to operate with the heater on or off, although electric radiant 
heat is not energy efficient. The flames are actually produced 
by a cleverly designed light bulb. Although the electric fireplace 
itself is cool to the touch, avoid locating draperies or other 
combustible materials near its heat outlets.

Wood-BurnIng stoVEs
A wood-burning stove may be the only mechanical heat source 
for a small passive solar heated building. Modern metal wood- 
burning stoves are much more efficient than older models and 
produce much less particle pollution indoors and out.

A wood-burning stove’s location affects furniture arrange-
ments and circulation paths. Areas that “see” the stove get most 
of the radiant heat, resulting in hot spots near the stove and cold 
spots where visual access is blocked. It is imperative to leave 
circulation paths around hot stove surfaces. Plan space for wood 
storage, which should be covered, well ventilated, accessible, 
and large enough for an ample supply.

A wood-burning stove must be located at safe distances 
from combustible surfaces. (See Figure 14.7) Wood‐burning 
stoves require 18" (457 mm) minimum between an uninsulated 

metal chimney and combustible wall or ceiling surfaces. The 
stove itself must be at least 36" (914 mm) from the nearest wall. 
This may be reduced to 18" (457 mm) if the wall is protected 
by a noncombustible heat shield or 1" (25 mm) clear air space.

Wood-burning stoves may be more efficient than heat‐circu-
lating fireplaces. Some stoves only radiate heat, while others 
also heat air passing around the firebox in convection currents. 
Precision dampers and other controls adjust heat output.

Catalytic combustors reduce air pollution by igniting the 
wood smoke at a lower temperature, burning up gases and pro-
ducing more heat and less creosote. Wood-burning stoves with 
catalytic combustors should burn only natural wood, with small 
amounts of uncolored paper used to ignite it.

Pellet stoves burn pellets made from densified quality 
sawdust, a manufacturing byproduct. They are highly efficient, 
with limited pollution emitted. Pellet fuel is cleaner and takes less 
space than cordwood to store. An electric auger automatically 
feeds fuel into the stove to the maintain fire.

A masonry heater (masonry heating stove or Russian or 
Finnish stove) is usually taller than it is wide and deep. (See 
Figure 14.8) The vertical inner firebox produces an efficient, 
hot, clean burn. The heat transfers to the exterior masonry 
surfaces, which radiate a gentle even heat all night after the fire 
is out. Masonry heating stoves efficiently burn up to 99 percent 
of combustible wood solids and gases. They radiate energy 

Figure 14.7 Wood-burning stove 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 218

18" min. 
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surfaces

Figure 14.8 masonry heater 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 454
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stored in their thermal mass back into space slowly and evenly 
over many hours, heating solid objects that then reradiate into 
the air. They can be used with passive solar heating, and have 
much lower particle emissions levels than woodstoves.

CHImnEys And FluEs
We usually associate chimneys with fireplaces, but boilers and 
furnaces have chimneys too. Burning fossil fuels produces 
carbon monoxide and carbon dioxide. Chimneys carry these 
gases and other products of combustion up and out of the 
building.

An unducted chimney sucks in outdoor air through the room, 
producing a draft. It is better to provide a duct for sufficient out-
door combustion air to be drawn directly from outdoors to the 
base of the fire without passing through the room.

The flue from a wood stove carries very hot gases. It can 
be exposed to produce radiant heat, but must be isolated from 
combustible construction.

Prefabricated chimneys are replacing heavier, bulkier 
field‐built masonry ones. High efficiency boilers and furnaces 
remove so much heat from the exhaust gases that the flues can 
be smaller and may be able to be vented through a wall to the 
exterior, eliminating the chimney.

mechanical Heating systems
Mechanical systems required to control the thermal environment 
typically use purchased energy. The use of mechanical systems 
affects the building’s appearance through rooftop equipment, 
grilles, ductwork, and interior machinery. Consequently, it is 
desirable to minimize the amount of active control and to use 
highly efficient equipment. The capabilities of passive systems 
should be considered first; they may be used with active 
systems to mitigate energy and carbon impacts.

Thermal comfort and indoor air quality (IAQ) modification 
systems involve numerous single‐purpose components that are 
typically only lightly integrated into the overall building fabric. 
They are normally designed by a consultant other than the 
architect.

An HVAC system should be able to control the air tempera-
ture by heating and/or cooling, as well as the humidity of the air, 
the air speed and direction, and the indoor air quality.

The term “HVAC” (heating, ventilating, and air conditioning) 
is used to describe an active control system. The term “air 
conditioning” is often used as a synonym for HVAC.

Knowing about mechanical equipment helps decision 
making about interior design. “We cannot wait until the 
contract document phase of a project to learn that a 
dropped soffit might be required to accommodate the air 
ducts or that a vertical chase must be added in the center 
of a major space.” (David Lee Smith, Environmental 
Issues for Architecture, Wiley 2011, page 308)

EquIpmEnt For smAllEr BuIldIngs
Having central HVAC system equipment in its own space rather 
than in each room has the advantage of maintenance without 
disrupting occupant activity. Central system distribution trees 
include ducts for air and pipes for water. Ducts are bulky, and 
are often located above the ceiling and in vertical chases. Pipes 
are smaller, and can sometimes be integrated with structural 
columns. Both ducts and pipes can produce unwanted noise.

Skin‐load dominated buildings such as motels that have 
differing but simultaneous needs may require a room‐by‐room 
solution to enable quick response to individual room needs. 
Heating equipment for smaller buildings includes heaters, ra-
diators, heat pumps, radiant and hydronic systems, and fan‐coil 
units. (See Table 14.8)

Hot-WAtEr And stEAm HEAtIng systEms
Hot-water (hydronic) systems heat a building by means of 
water heated in a boiler and circulated by a pump through pipes 
to a fin‐tube radiator, convector, or unit heater for heating. (See 
Figure 14.9)

Steam-heating systems use boilers to generate steam 
that is circulated through piping to radiators. Steam rises 
from a central boiler to a radiator, where some condenses 
and drains back to the boiler. Heat is released primarily as the 
steam condenses into water and flows in sloped pipes back to 
its point of origin, allowing one pipe to be used for both supply 
and return.

TAble 14.8 HeATing equipmenT For smAller 
builDings
equipment Description

Gas‐fired baseboard 
heaters

Local heat by convection and 
radiation. 80% efficiency. Fan 
directly vented to outside.

Electric-resistance 
heaters

Local heat. Around 35% effective 
considering electricity source. 
Surfaces may be hot; avoid contact 
with people, combustibles.

Hot-water baseboard 
and radiator systems

Series loop, 1‐pipe, 2‐pipe, and 4‐
pipe layouts.

Local air‐to‐air heat 
pumps

Buildings with all‐perimeter spaces 
(motels); user control, equipment 
noise may provide masking.

Radiant ceiling panels Electric-resistance wiring; tends to 
stratify hot air just below ceiling. 
Used for both heating and cooling.

Hydronic radiant floors May need panel smaller than floor 
area. Cross‐linked polyethylene 
(PEX) tubing.

Hydronic perimeter and 
air

Hot-water heating pipe with 
overhead air‐handling system.

Fan‐coil units Used within space for both heating 
and cooling.
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BoIlErs
A boiler is a closed arrangement of vessels and tubes in which 
water is heated or steam is generated. A horizontal pipe carries 
exhaust gas from the boiler, and is connected to a vertical flue 
section called the stack. Boilers also need ventilation air, with 
the inlet and outlet on opposite sides of the room.

Boiler systems require a fuel, a heat source, and a pump 
or fan to move the water. The heat source may be electric- 
resistance or on‐site combustion. A distribution system, heat 
exchanger, or terminal within the space to be heated, plus a 
control system complete the equipment. The type of boiler used 
depends on the size of the heating load, the heating fuels avail-
able, the efficiency needed, and whether the boilers are single 
or made up of multiple modular units.

There are many types of boilers. Two basic types include 
fire tube boilers in which hot gases are taken through tubs 
surrounded by water, and water tube boilers in which water is 
taken through tubes surrounded by fire. Compact boilers have 
smaller dimensions with high thermal efficiencies and various 
venting options. All boilers require space for cleaning, general 
operation, and maintenance.

Small portable steel boilers are assembled of welded 
steel units and prefabricated on a steel foundation. They are 
transported as a single unit from the factory. Large boilers are 
installed in refractory brick settings built on‐site.

Boilers are often fueled with oil or gas. Coal boilers require 
anti‐pollution equipment to control fly ash consisting of various 
sizes of particles as well as flue gas containing sulfur and nitro-
gen. Flue gases contribute to acid rain. A steam boiler heats 
water to generate steam, which is distributed through pipes to 
steam radiators or convectors. (See Figure 14.10)

Boiler efficiencies depend on the type, unit, size, and some-
what on the age of the boiler. Multiple small boilers are sometimes 
more efficient on average than a single large one.

HEAtIng dIstrIButIon
In steam-heating systems, steam that is produced in a boiler 
is circulated under pressure through insulated pipes, and then 
condensed in cast iron radiators. In the radiator, the latent heat 
given off when the steam cools and becomes water is released 
to the air of the room. The condensed water then returns to the 
boiler through a network of return pipes. The system is reason-
ably efficient but difficult to control precisely as the steam gives 
off its heat rapidly.

Electric or hydronic baseboard heaters are typically long 
heating units attached close to baseboards at floor level. They 
are inexpensive to install and provide localized control, usually 
using thermostats. Extensive use of baseboard heaters is usu-
ally more expensive than a gas or electric central system. A 
toe kick heater is a small electric heater below a cabinet that 
heats the feet and floor area. (See Figure 14.11) It is provided 
for when the cabinet is selected and installed.

Hydronic baseboard heaters require a piping system and 
central hot water service. They can be efficient if used with an 
efficient boiler, are widely used in Europe, and are usually a little 
larger than an electric baseboard.

The IRC states that all bathrooms should have an appropriate 
heat source to maintain a minimum room temperature of 68°F 
(20°C). The designer should check whether the central heating 
system can handle the load before adding heat to a previously 
unheated bathroom or expanding into an unheated area such as 
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Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
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a closet as this may require a supplemental heater. Oversized 
showers or those with a walk‐in entry may require additional 
heat for comfortable use. The enclosed area of a tub/shower 
with a door may also require additional heat for comfort.

Heat sources are often located just below windows, even 
though some of this warmth will be driven through the exterior 
wall in cold weather. Well‐insulated windows and walls stay 
warmer, and the need for heat at the building’s edge is less.

Hot water heating circuits that serve baseboards or 
radiators come in four principal arrangements, classified 
according to the number of parallel pipelines connecting the 
system together. (See Table 14.9) They include series loop, 
one‐pipe, two‐pipe, and four‐pipe systems. (See Figures 
14.12 and 14.13)

radiant Heating
As we have seen, the temperature of surrounding surfaces 
affects thermal comfort. Warm surfaces can maintain comfort 
even at lower air temperatures. Radiant heating is typically a 
more comfortable way to warm people than introducing heated 
air into a space.

Radiant heat can be more energy efficient than hot air 
systems, by transferring heat directly to objects and occupants 
without heating large volumes of air first. The warmer surfaces 
that result mean that more body heat can be lost by convection 
without the room becoming uncomfortably cold. As a result, the 
temperature of the air in the space can be kept cooler, and less 
heat will be lost through the building envelope.

Radiant heating systems have a minimal impact on the appear-
ance of the space, as they do not require any visual expression.

Radiant heating systems use ceilings, floors, and some-
times walls as radiant surfaces. The heat source may be pipes 
or tubing carrying hot water, or electric‐resistance heating 
cables embedded within the ceiling, floor, or wall construction. 
(See Table 14.10)

rAdIAntly HEAtEd Floors
Radiant floor heating systems work well in kitchens as they 
require no wall space, have no vents, and do not interfere with 
cabinet or furniture placement. They may raise the height of 
the floor, necessitating door clearance and possibly cabinet 
adjustments.

Today, one‐piece coils of cross‐linked polyethylene (PEX) 
tubing are directly embedded in cast‐in‐place concrete or 
other flooring material. (See Figure 14.14) PEX can also be 
used under wood floors. Mats with integral tubing are also 
available.

TAble 14.9 HoT WATer CirCuiT ArrAngemenTs
Circuit Type Description

Series loop system Water flows to and through each 
baseboard or fin tube in turn. 
Single zone system. Water cooler 
at end of circuit. No individual 
heating element shutoff.

One‐pipe system Fittings divert part of flow into each 
baseboard. Water cooler at end of 
circuit. No individual shutoff. Poor 
thermal control between zones.

Two‐pipe reverse‐return 
system

Separate supply and return 
pipes. Same temperature at each 
baseboard or radiator. All water and 
terminals either hot or chilled at any 
given time. Return flow is reversed 
and does not mix with supply.

Four‐pipe system Simultaneous heating and cooling 
in same zone. Hot and cold water 
do not mix. Two separate water 
distribution systems with two 
circulating pumps.

Figure 14.12 one‐pipe hydronic system 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 515
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Figure 14.13 Two‐pipe hydronic system 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 515
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Rugs or carpets over radiant floors interfere with heat exchange. 
Special under‐carpet pads can facilitate heat transfer.

Furniture can reduce radiant heat output, and changes in fin-
ish material or layout may have an impact on operation. Tables 
and desks block infrared (IR) wavelengths from reaching above 
them. Radiant floor heating may provide only supplemental 
heat, especially in cold climates. Radiant floors react slowly to 
small or sudden changes in heating demand within a building.

Active solar collectors can efficiently produce the relatively low 
water temperatures around 90°F (32°C) required for radiant 
floor heating.

rAdIAntly HEAtEd CEIlIngs or WAlls
Radiant ceiling or wall panel heaters consist of electric heat-
ing coils behind drywall. Compared to other radiant heat 

sources, radiant ceiling or wall panels have a lower heat 
output. Radiant panel systems do not respond quickly to 
changing temperature demands, and are often supplemented 
with perimeter convection units. Separate ventilation, humid-
ity control, and cooling system are required for completely 
conditioned air.

Do not install radiant panels in walls above 48" (1219 mm) 
to avoid hammering nails into electrical coils when hanging 
pictures.

Preassembled electric radiant heating panels can be in-
stalled in a modular suspended ceiling system or surface 
mounted to heat a specific areas.

Most of the heat from radiant heating panels flows directly 
beneath the panel and falls off gradually with greater distance, 
dropping by about 5°F over the first 6 feet (1.8 m). This may 
seem like a disadvantage, but some occupants like to find a 
spot that is relatively cooler or warmer within the room. Proper 
placement of panels must be coordinated with ceiling fans, 
sprinkler heads and other obstructions.

Radiant panels avoid some of the problems inherent with 
forced‐air systems, such as heat loss from ducts, air leakage, 
energy use by furnace blowers, and inability to respond to local 
zone conditions. Installation costs for energy‐efficient radiant 
panels are considerably less than the cost for a forced‐air sys-
tem, but radiant panels cannot provide cooling as a forced‐air 
system can.

Towel warmers are designed to dry and warm towels, and also 
serve as a heat source in a bathroom or spa. (See Figure 14.15) 
They are available in electronic and hydronic models in a variety 
of styles and finishes.

TAble 14.10 rADiAnT HeATing DeViCes
system Type Description

Hydronic radiant panels Circulate warm water through tubing. 
Better for floors than ceilings.

Electric radiant floors Whole house heating or spot 
comfort in kitchens and baths.

Electric radiant ceilings Wires hidden in ceiling could be 
punctured during renovations.

Manufactured gypsum 
board heating panels

Electrical heating element in 
5/8" (16 mm) fire‐rated gypsum 
wallboard with wiring connections.

Electric towel warmers Attach to door hinges or wall, or 
free standing. Do not locate where 
can be reached while in water. Hard‐
wired or plug‐in (dangling cords).

Hydronic towel warmers Water supplied by heating system 
or hot water tank. Can be installed 
near a tub or whirlpool.

Figure 14.14 radiant floor mat with tubing

Figure 14.15 Towel warmer
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Electric-resistance Heat
Small electric-resistance space heaters are low-cost, easy to 
install, offer individual thermostatic control, and do not waste 
heat in unoccupied rooms. (See Table 14.11) However, they use 
expensive high-grade electricity for low‐grade space heating, 
so their use should be limited to spot‐heating a small area for 
a limited time.

Avoid portable heaters in bathrooms as they are dangerous 
near water and can be a tripping hazard.

Most electric-resistance heating systems consist of baseboard 
units or small, wall‐mounted heaters, both of which contain hot 
wires. (See Figure 14.16) The heaters are compact, inexpensive, 
and clean, and do not have to be vented, but lack humidity and 
air quality controls. Electric-resistance heaters have hot surfaces, 
and their location must be carefully chosen in relation to furniture, 
drapery, and traffic patterns. (See Figure 14.17)

Wall heaters are typically recessed into the wall with a 
grate or screen covering the heating elements. (See Figure 
14.18) They are typically located in the lower part of a wall, 
where it is unfortunately easy to back into them and get 
burned. Recessed or surface‐mounted wall unit heaters are 
used in bathrooms, kitchens, and small rooms. Toe space unit 
heaters use a fan to blow air into a room from below cabinets. 
(See Figure 14.19)

Electric-bulb heating units are designed for residential use. 
They combine a radiant heating element with a fan and a light in 
a ceiling mounted unit. Some units include a nightlight as well. 
Bulb heaters provide silent, instant warmth using 250W R‐40 
infrared heat lamps. They are available vented and unvented, 
and recessed or surface-mounted.

TAble 14.11 Types oF spACe HeATers
general Type use

Toe space unit heater Installed in low space under kitchen 
and bathroom cabinets.

Wall unit heaters Surface‐mounted or recessed for use 
in bathrooms, kitchens.

Fully recessed floor 
unit heaters

Typically used where glazing comes 
to the floor, as at a glass sliding door 
or large window.

Small IR unit heaters Radiate heat instantly from a small 
area, beam where needed.

High‐temperature 
heaters

Temperatures greater than 500° F 
(260° C). Radiant heat for swimming 
pools, shower rooms, bathrooms. 
Electric, gas, or oil.

Industrial unit heaters Suspended from ceiling or roof 
structure. Industrial buildings, 
outdoors, loading docks, public 
waiting areas, garages.

Quartz heaters Resistance‐heating elements sealed 
in quartz‐glass tubes produce IR 
radiation. Heat within 15 feet (4.6 m); 
quiet.

Electrical forced air 
heaters

Blow warm air throughout a room, 
preferably one closed off.

Ceramic forced air 
heaters

Ceramic heating element safer than 
other electric space heaters.

Oil‐filled heaters Electricity heats the oil inside to heat 
a room.

Portable electric-
resistance heaters

Heats small nearby area. Use for 
building heat may lead to fires from 
ignition of bedding, drapery, furniture.

Figure 14.16 baseboard convector

Figure 14.17 recessed floor unit heater

Figure 14.18 recessed wall unit heater
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gAs‐FIrEd HEAtErs
Gas‐fired heaters use natural gas or propane. They are more 
efficient than electric baseboard heaters. Gas‐fired heaters are 
typically direct‐vented with a built‐in fan to the outside, and in-
stalled on or near an exterior wall.

Vent‐free gas heating appliances produce nitrous oxides 
that cause nose, eye, and throat irritation, along with carbon 
monoxide. They also generate a great deal of water vapor 
that can cause condensation, mildew, and rot in wall and ceil-
ing cavities. A nearby window must be kept open a couple 
of inches for an adequate fresh air supply to prevent oxygen 
depletion; this results in heat loss. The IRC requires that un-
vented room heaters be equipped with an oxygen‐depletion‐
sensitive safety shutoff system. Unvented gas heaters are 
prohibited in homes in many states and cities throughout the 
United States and Canada.

natural Convection Heating units
Radiators and convectors are used to supply heat in residential 
and small light‐commercial buildings. What we usually call 
radiators, including both fin‐tube radiation devices and old 
fashioned cast iron radiators, actually use convection as their 
primary heating principle. The appearance and the space 
occupied by the various styles of baseboard and cabinet con-
vection heating units are of concern to the interior designer. 
When located below a window, they affect the design of window 
treatments.

Radiators consist of a series or coil of pipes through which 
hot water or steam passes. (See Figure 14.20) The heated 
pipes warm the space by convection and somewhat by radia-
tion. Contemporary radiators are designed in a variety of colors 
and styles based on simple components typically 2¾˝ (70 mm) 
wide that can be combined in many heights and widths. (See 
Figure 14.21)

Radiators are easier to control in hot water than in steam 
systems. A very even release of heat to the air is achieved 
by regulating the temperature and rate of circulation of the 
water. Hydronic systems are silent when properly installed and 
adjusted, and produce comfortable heat.

For pumped water distribution, cast iron radiators have gen-
erally been replaced by linear transfer devices that are smaller 
and take up less interior space. Fin‐tube radiators (also called 
finned‐tube convectors) are basically a pipe on which fins are 
placed. Fin‐tube radiators are usually used along outside walls 
and below windows, where they raise the temperatures of the 
glass and wall surfaces. There are also electric-resistance 
fin‐tube units with an electrical element instead of the copper 
tubing. Although covered convectors are easier to clean and 
have a more finished appearance, some buildings still have 
exposed fin‐tube convectors. (See Figure 14.22)

Figure 14.19 Heater below cabinet
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Figure 14.20 Cast iron radiator
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Figure 14.21 Wall panel radiator
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Baseboard radiation units are a smaller form of fin‐tube 
radiation often used in residential applications, where they 
are installed at the base of walls. Their height depends on 
whether there are one, two, or three tiers of elements. Base-
board fin‐tube enclosures usually run the length of the wall, 
but the element inside may be shorter. They tend to be less 
conspicuous than cabinet‐style units.

Convectors are useful in stairwells or along large glazed 
openings. They consist of elements enclosed in a cabinet at 
least 2 feet high by 3 feet wide (0.6 m by 0.9 m). Cabinets may 
be free-standing, wall‐hung, or recessed. A variety of enclosure 
styles are available for finished spaces, plus simple utilitarian 
covers for protection only. The most effective placement is 
along an outside wall. Air must flow freely around the units in 
order to be heated.

Unit heaters are used in large open areas such as ware-
houses, storage spaces, and showrooms. They are made up 
of factory‐assembled components including a heating mecha-
nism in a casing. Unit heaters supplement convection with a 
fan that blows forced air across the unit’s heating element 
and into the room. The casing has an air inlet and vanes for 
directing the air out. Units are usually suspended from the roof 
structure or floor mounted and located at the building’s perim-
eter. Smaller cabinet models are available for use in corridors, 
lobbies, vestibules, and similar auxiliary spaces. Heat sources 
include steam, hot water, electricity, or direct combustion of 
gas or oil.

Cabinet heaters are used in entry vestibules. Natural con-
vection releases heat form the coil at low rates when the entry 
is not in use. When the outside door is opened, the fan can 
quickly increase airflow. They need an electrical connection for 
the fan and a thermostat for fan control.

Warm-Air Heating
The central warm‐air system began as a large stove in the center 
of basement, with grilles in the floors above. Adding ductwork 
improved uneven temperatures and airflows. Adding a fan to 
drive the air reduced the size of the ducts, and adding filters at 
the furnace cleaned the air and resulted in a better room air mix.

HIstory oF WArm-AIr HEAtIng
Around 1900, warm-air heating systems began to take the 
place of fireplaces. In the original warm-air systems, an iron 
furnace in the basement that was hand‐fired with coal was 
attached to a short duct that delivered warm air to a large 
grille in the middle of the parlor floor above, with little heat 
going to other rooms.

Over time, oil or gas furnaces that fired automatically replaced 
coal furnaces, and operational and safety controls were added. 
Air was ducted to and from each room, which evened out tem-
peratures and airflow. Fans were added to move the air, making it 
possible to reduce the size of ducts. Adjustable registers permit-
ted control within each room. Filters at the furnace cleaned air as 
it was circulated. Eventually, by adding both fans and cooling coils 
to the furnace, both hot and cold air could be circulated.

During the 1960s, fewer homes were being built with 
basements, and sub‐slab perimeter systems took the place 
of basement furnaces. The heat source was located in the 
center of the building’s interior, where heat that escaped 
would help heat the house. Air was delivered from below, up 
and across windows, and back to a central high return grille 
in each room. The air frequently failed to come back down to 
the lower levels of the room, leaving occupants with cold feet. 
In addition, water penetrating below the house could get into 
the heating system, causing major problems with condensa-
tion and mold.

Eventually electric-resistance heating systems became 
popular as they eliminated combustion, chimneys, and fuel 
storage. Horizontal electric furnaces were located in shallow 
attics or above furred ceilings. Air was delivered down from the 
ceiling across windows, and taken back through door grilles 
and open plenum spaces between the suspended ceiling and 
structural floor above. Today, heat pumps have mostly replaced 
less‐efficient electric-resistance heating.

ForCEd‐AIr HEAtIng
Forced‐air heating works by heating air in a gas, oil, or 
electric furnace and distributing it by a fan through ductwork 
to registers or diffusers in inhabited spaces. (See Figure 14.23) 
Forced-air heating is the most versatile widely used system for 
heating houses and small buildings, and can also provide cool-
ing. Fresh air is typically supplied by natural ventilation.

The system can include filtering, humidifying, and dehumidi-
fying devices. supply registers are often located in the floor, 
typically below glass areas. A separate system of exhaust ducts 
draws cool air back through return air grilles to be reheated and 
recirculated. return grilles can be located to minimize duct-
work for return air circulation. Sometimes there is no separate 
ductwork for the return air, and return grilles are then placed in 
the suspended ceiling to collect return air.

Heating equipment for forced air includes furnaces and unit 
heaters. (See Table 14.12) Advantages of forced‐air heating in-
clude control of air temperature and air volume for comfort and 
redistribution; this is especially welcome in tall spaces. Forced‐
air heating incorporates filtration, humidification, ventilation, 

Figure 14.22 exposed baseboard fin‐tube convector
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and cooling. Disadvantages involve bulky ductwork and the 
need for constant maintenance to avoid circulating dust. Forced 
air can also be noisy, especially at high velocity.

ForCEd‐AIr dIstrIButIon
Perimeter heating is the term for a layout distributing warm air 
to registers placed in or near the floor along exterior walls. A 
perimeter loop system consists of a loop of ductwork, usually 
embedded in a concrete ground slab, for distribution of warm 
air to each floor register. A perimeter radial system uses a lead-
er from a centrally located furnace to carry warm air directly to 
each floor register. Extended plenum systems run supply ducts 
between joists. (See Table 14.13)

Outlets for forced-air ducts for residential central heating 
systems need to be located so that they do not interfere with 
kitchen cabinet and appliance design.

FurnACEs
The term furnace is generally used for residential‐sized 
equipment. Larger buildings use the term air handling unit 
(AHu).

Systems using air for primary distribution have a furnace 
as a heat‐generating source, rather than the boiler used for 
water or steam. (See Table 14.14) Warm-air furnaces are usually 
located near the center of the building. Today’s furnaces are 
up to 95 percent efficient, compared to around 65 percent for 
older furnaces. Cooling coils are commonly added to warm-air 
furnaces.

In residential design, the furnace burner is controlled by a 
thermostat, usually in or near the living room. The thermostat 
should be in a location where the temperature is unlikely to 
change rapidly, protected from drafts, direct sun, and the 
warmth of nearby warm air registers. The blower continues 
after the burner stops, until the temperature in the furnace 
drops below a set point. A high limit switch shuts off the burner 
if the temperature is too high. Programmable thermostats that 
are easy to use are readily available.

TAble 14.12 ForCeD‐Air HeATing equipmenT
equipment Description

Hot‐air furnace Heat exchanger keeps combustion 
air from mixing with room air. 
Blower and filter standard, 
humidifier and cooling coil optional. 
Some gas pulse‐type furnaces are 
95% efficient.

Wall furnace For heating single space, no 
ducts required. When gas 
powered, can draw air and vent 
directly through wall.

Unit heaters Utility spaces with high ceilings. 
Gas, electric, or hot water. Ceiling/
wall hung.

TAble 14.13 ForCeD‐Air DisTribuTion sysTems
system Description

Loop perimeter system Slab on grade in cold climates. 
Provides most comfort, but high 
initial cost.

Radial perimeter system Slab on grade with hot air. Less 
cost but less comfort. Suitable 
for crawl space construction. 
Horizontal furnace can be used in 
crawl space or attic.

Extended‐plenum 
system

Buildings with basements. Supply 
ducts run between joists, saving 
space and headroom. Health and 
energy efficiency concerns.

Figure 14.23 Forced‐air heating system 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 225
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TAble 14.14 FurnACe Types
Furnace Type Description

Forced‐air gas furnace Gas fed to burner tubes, lighted 
by electric spark or pilot light 
flame. Air warmed in heat 
exchanger is circulated by the 
furnace blower. Requires room 
for maintenance.

Oil‐fired forced air 
furnace

Efficient and durable. Oil pumped 
into combustion chamber is 
atomized and ignited by spark to 
heat a heat exchanger that warms 
air, which is circulated by a blower.

Electric forced‐air 
furnace

Very high efficiency/local 
efficiency, but only 33% 
considering off‐site generation. 
Clean, simple, few problems.
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duCtWork
Ductwork transports air from the furnace or air handling unit 
(AHU) to the conditioned spaces at a specified velocity and 
then back. Ducts are usually constructed of galvanized sheet 
metal or fiberglass. Fiberglass duct liner is used with metal 
ducts to reduce heat loss or gain, prevent condensation, and 
control air noises.

Early coordination can allow ducts to be integrated within joist 
spaces and roof trusses, and between bulky recessed lighting 
fixtures.

Ducts are either round or rectangular. Round ducts may be 
preferable where exposed, but require larger clearances. Flexible 
ducting is used to connect supply air registers to the main duct-
work to allow adjustments in the location of ceiling fixtures, but is 
not permitted in exposed ceilings. Duct dimensions on construction 
drawings are usually inside dimensions; add 2" (51 mm) to each 
dimension for the duct wall thickness and insulation.

Ductwork can be concealed or exposed. Concealed 
ductwork permits better isolation from the noise and vibration 
of equipment and from the flow of air. Surfaces are less com-
plicated to clean. As the ducts are less visible, construction 
can be less meticulous, and construction costs are lower. It 
can cost more to install visually acceptable exposed ductwork 
than to construct a ceiling to hide standard ducts. Concealed 
ductwork provides better architectural control over the appear-
ance of the ceiling and wall surfaces. Access panels and doors 
or suspended ceilings may be needed to provide access for 
maintenance.

dAmpErs
Dampers balance and adjust the distribution system. Supply 
registers should have dampers. Narrow damper openings, es-
pecially in long runs, can potentially produce damper blade vi-
bration or whistling air that becomes a noise problem.

Large commercial structures have fire‐rated partitions, 
floors, and ceilings that confine fires for specified periods of 
time. Air ducts through a fire barrier are required by codes to 
have fire dampers made of fire‐resistive materials.

For more information on fire dampers, see Chapter 18, “Fire 
Safety Design.”

rEgIstErs, dIFFusErs, And grIllEs
Air for heating, cooling, and ventilation is supplied through 
registers and diffusers. The selection and placement of supply 
and return openings requires architectural and engineering co-
ordination, and has a distinct effect on the interior design of the 
space. Registers, diffusers, and grilles are selected for airflow 
capacity and velocity, pressure drop, noise factors, and appear-
ance. (See Table 14.15 and Figures 14.24, 14.25, and 14.26)

TAble 14.15 regisTers, DiFFusers, AnD grilles
Type Description

Grilles Rectangular openings with fixed vertical 
or horizontal vanes or louvers through 
which air passes. Supply grilles have 
adjustable vanes that control the 
direction of air entering room and do not 
have dampers.

Registers Wall grilles with a damper directly behind 
the louvered face to regulate the amount 
and direction of airflow.

Diffusers Slats set at angles to deflect warm or 
conditioned air. Mix air supply from 
ceiling. Round, rectangular, or linear. 
Dampers adjust volume supplied.

Perforated metal 
faceplates

Placed over standard ceiling diffusers to 
create a uniform perforated ceiling. Can 
also be large perforated ceiling panels.

Local supply‐air 
outlets

Used to avoid creating stagnant or 
drafty areas. Make sure not blocked by 
beams or other objects. Place lower 
when heating is the major problem.

Air supply units Designed to distribute air perpendicular 
to the surface. Formerly round, now 
usually rectangular, often square.

Return grilles Louvered, eggcrate, or perforated. 
Connected to a duct, lead to plenum 
above ceiling or transfer air directly. May 
be called either grilles or registers.

Slotted diffusers Long, continuous linear slots under 
glass doors, windows. Tend to collect 
dirt, often obstructed. Also available for 
ceilings.

Return air inlets For heating systems, usually located 
near floor and across room from supply 
outlets. For cooling, located in ceilings 
or high on walls.

Exhaust air inlets Usually located in ceilings or high on 
walls, and are almost always ducted. 
Supply outlets can also be used as 
return grilles.

A register is a wall grille with a damper, but a ceiling diffuser 
with a damper is still called a diffuser.

Supply air cannot enter a space unless a comparable 
amount of return air is returned or exhausted. This can be a 
problem in a residence where there is only one central common 
return and doors to individual rooms remain closed. Undercut 
doors transmit sound, so it is preferable to have a return air 
grille for each closed space. A space may require a number of 
supply air outlets, but often only a single return air inlet.
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new homes are built with central air conditioning. Residential air 
conditioning adds about 100 million tons of carbon dioxide to the 
atmosphere from the electric power generation stations that use 
fossil fuels.

An overheated environment can be improved through shad-
ing, increasing airflow, evaporative cooling, and thermal storage. 
Architects, engineers, and interior designers can make decisions 
about whether to open or close the building, or to do both at 
different times of day. We can employ strategies to keep direct 
sun out of the building, and allow daylight in the winter without 
overheating in the summer. The building structure can be used 
by day to absorb heat, and then flushed with cooler air at night. 
Providing shade from the sun is essential for passively cooled 
buildings, and for passively heated buildings that might become 
overheated in hot weather.

The decision can be made to cool using outdoor air rather 
than mechanical air conditioning. Use of mechanical refrigeration 
can be concentrated during the coldest (night) hours.

Precooling reduces the size of the cooling system needed 
for a building with relatively short but intense peak cooling 
load periods. Cooling equipment precools the space, then 
shuts off when occupants arrive and the thermostat is reset 
upward.

Engineers use some common terms when discussing air 
conditioning.

 ● Cooling load: the rate at which heat needs to be removed 
from air.

 ● Capacity: the ability of equipment to remove heat.
 ● Heat gain: total load on a cooling system; almost the same 

thing as its cooling load, although from the engineer’s 
viewpoint there is a technical difference.

History of Cooling
The earliest known home air‐cooling systems were used around 
3000 bce, when Egyptian women put water in shallow clay trays 
on a bed of straw at sundown. The rapid evaporation from the 
water’s surface and the damp sides of the tray combined with 
the night temperature drop to produce a thin film of ice on 
top, even though the air temperature was not below freezing. 
The low humidity aided evaporation and the resulting cooling 
brought the temperature down enough to make ice.

Evaporative cooling was also used in ancient India. At night, 
wet grass mats were hung over openings on the westward side of 
the house. Water sprayed by hand or trickling from a perforated 
trough above the windows kept the mats wet through the night. 
When a gentle warm wind struck the cooler wet grass, evapora-
tion cooled temperatures inside as much as 30 degrees.

By the end of the nineteenth century, large restaurants 
and public places were embedding air pipes in a mixture of ice 
and salt and circulating the cooled air with fans. The Madison 
Square Garden Theater in New York City used four tons of ice 
per night. However, none of these systems addressed how to 
remove humidity from warm air.

Figure 14.24 registers

(a) Wall register

(b) Floor register
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CoolIng systEms
According to the 2008 DOE Energy Data Book, HVAC use amounts 
to 39 percent of total energy use for residential buildings, and 
32 percent for commercial buildings. The 2009 Residential En-
ergy Consumption Survey (RECS) indicates that 87 percent of 
US households are now equipped with air conditioners (AC), and 
most of those have central AC equipment. Almost 90 percent of 

Figure 14.25 Diffusers
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Figure 14.26 grille



Heating and Cooling    |    263

The term “air conditioning” is credited to physicist Stuart 
W. Cramer, who presented a paper on humidity control in textile 
mills before the American Cotton Manufacturers Association in 
1907. Willis Carrier, an upstate New York farm boy who won an 
engineering scholarship to Cornell University, produced the first 
commercial air conditioner in 1914.

By 1919, Chicago had its first air‐conditioned movie house. 
The same year, the Abraham & Strauss department store in 
New York was air‐conditioned. In 1925, a 133‐ton air condition-
ing unit was installed in New York’s Rivoli Theater. By the sum-
mer of 1930, over 300 theaters were air conditioned, drawing 
in hordes of people for the cool air as well as the movie. By the 
end of the 1930s, stores and office buildings claimed that air 
conditioning increased workers’ productivity enough to offset 
the cost. Workers were even coming in early and staying late 
to stay cool.

passive Cooling
In many climates, the right combination of properly implemented 
natural methods can provide cooling equivalent to mechanical 
air conditioning. At the very least, natural cooling allows instal-
lation of smaller cooling equipment that will run fewer hours and 
consume less energy. In most of the eastern United States, pas-
sive cooling can replace or reduce the need for air conditioning 
for much of the summer.

Passive cooling strategies have long been used in hot, 
dry climates, where traditional buildings employ few and small 
windows, light surface colors, and massive adobe, brick, or 
stone construction. Wind scoops and towers were used in 
Egypt around 1300 bce and are still used in the Middle East to-
day. Earth sheltering has traditionally provided thermal mass 
to aid cooling from Cappadocia, Turkey, to Mesa Verde, Colo-
rado.

Hot, humid climates seek natural ventilation. Much of Japan 
has hot, humid summers. Traditional Japanese house post and 
beam construction uses movable lightweight paper wall panels 
with large overhanging roofs that protect the panels and create 
outdoor space.

Temperate climates may have very hot summers and 
very cold winters, a difficult combination to design for. The 
first building with a central mechanical system for both space 
heating and cooling was the Milam Building in San Antonio, 
Texas, designed in 1928 by architect George Willis. The de-
sign retained the requirement to provide direct access to light 
and air in all occupied spaces. The first building designed to 
be truly responsive to a central air conditioning system was 
the PSFS Building in Philadelphia, Pennsylvania, designed by 
George Howe.

Steps toward passive cooling begin with minimizing 
heat gain through shading, orientation, color, vegetation, 
insulation, daylight, and control of internal heat sources. A 
heat sink is likely needed to remove heat from a building. 
Passive cooling can involve a shift in the comfort zone to 
include higher indoor temperatures, along with modifying 

humidity, mean radiant temperature (MRT), or air speed. 
The mechanical equipment required is relatively small, using 
modest amounts of energy. Hybrid systems use some fans 
and pumps.

Kitchen equipment emits heat; well‐insulated and efficient ap-
pliances minimize heat. Exhaust ventilation helps minimize resi-
dential cooling loads.

Radiant cooling in a hot and dry climate makes use of tra-
ditional buildings with deep courtyards and narrow alleys that 
expose massive walls to only a few hours of direct sunlight, 
with the whole wall radiating heat to the cold night sky. Clouds 
limit the amount of radiation, but on a clear night, the effective 
sky temperature can be 20° to 30°F (11° to 17°C) lower than 
the ambient air temperature. Roof ponds are probably the most 
effective method to achieve this.

solAr CoolIng
Solar energy can be stored as hot water as it comes out of 
collectors, or as chilled water. Solar air conditioning systems 
operate by absorption, by the Rankine cycle in which solar 
steam turns a turbine to power an air conditioner, or by desic-
cant cooling that uses dehumidification to cool. The equip-
ment for solar cooling is expensive, and is used only where 
cooling loads cannot be avoided by good building design. New 
technology, mass production, and rising energy costs may 
change that.

HIgH tHErmAl mAss CoolIng
High thermal mass cooling works well in places with warm, 
dry summers. The thermal mass of the building absorbs heat 
and stays cool during the hot daytime, and is flushed by cool 
air at night. Such buildings use thermal mass on the floors, 
walls or roofs. Fans are often used with high thermal mass 
systems.

In a high thermal mass design, the building needs a heat sink, 
a place from which heat is ejected at night. Earth contact can 
provide that heat sink, keeping walls, floors, and earth‐covered 
roofs cool.

mechanical Cooling
Mechanical cooling systems were originally developed as 
separate equipment, to be used in conjunction with me-
chanical heating equipment. (See Table 14.16) Today, cooling 
equipment is often integrated into HVAC systems, which we 
will discuss later.

In order to understand the discussions that take place 
among the client, the architect, the engineers, and the contrac-
tors, the interior designer should have a basic understanding of 
air conditioning.
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CoolIng EquIpmEnt
There are two basic refrigeration processes, but there are 
dozens of equipment options. We briefly look at both processes 
and equipment.

An air conditioner normally cools by removing sensible heat 
from the air. It requires a difference in temperature between 
the warmer and cooler areas for heat transfer to take place. 
If the surface temperature falls below the dew point tempera-
ture of the air, condensation occurs, which requires dehumidi-
fication to remove latent heat and almost always necessitates 
drainage.

Cooling equipment uses either compressive refrigeration or 
absorption refrigeration. A heat pump can provide both heating 
and cooling. Evaporative cooling is another method that can be 
used where the air is dry.

ComprEssIVE rEFrIgErAtIon
In simple terms, the compressive refrigeration cycle pumps 
heat out of the chilled water systems into the condenser water 
system. The reverse of this cycle is what happens in a heat 
pump.

Compressive refrigeration produces cooling by the 
vaporization and expansion of a liquid refrigerant. (See 
Figure 14.27) The refrigerant, a liquid able to vaporize at 
a low temperature, absorbs heat from a cooling medium and 
changes state from a liquid to a vapor or gas. The compressor 
reduces the volume of the vapor or gas and increases its 
pressure. The condenser further reduces the vapor or gas 
to a liquid form, releasing heat to air or water. Finally, an 
expansion valve lowers the pressure and evaporation tem-
perature of the refrigerant as it flows back to the evaporator 
to repeat the process.

ABsorptIon rEFrIgErAtIon
Absorption refrigeration is more complicated. An absorber and 
a generator are used to transfer heat and produce cooling with ab-
sorption refrigeration, instead of a compressor. (See Figure 14.28) 
Heat is extracted from a space by a heat exchanger, producing 
chilled water for cooling. Water vapor from this process moves 
to the absorber. The generator heats the saline solution, produc-
ing more water vapor. The absorber draws water vapor from the 
evaporator, which cools the remaining water. The steam that is 
removed by the generator goes to the condenser, where waste 
heat is extracted. Water from the condenser is then routed to the 
evaporator, and the process begins again.

In the absorption cycle, water cools rapidly as it is evap-
orated into the evaporator vessel. The water vapor from the 
evaporator vessel is attracted to a concentrated salt solution 
that absorbs water and dilutes the salt solution. The diluted salt 
solution is drawn off from the vessel continually, sprayed into a 
generator that boils excess water off, and returned to repeat the 
absorption cycle. The steam that boils off from the generator 
goes to a condenser with cool water or air where it condenses, 
and then travels to the evaporator vessel. The cooled water 
left in the evaporator is tapped through a heat exchanger as a 
source of chilled water for cooling.

TAble 14.16 meCHAniCAl Cooling sysTem 
Types
system Description

Packaged systems Everything is packaged except 
site‐installed ducts. Low 
installation, maintenance, and 
operating costs. Rooftop units are 
most common.

Split systems Used in most homes and many 
small‐ to medium‐sized buildings. 
Compressor and condenser 
coils in outdoor unit, AHU with 
evaporator indoors.

Ductless split systems Used to retrofit existing and 
historic buildings. Only two small 
copper refrigerant lines. Compact 
indoor units are unobtrusive, very 
quiet.

Chilled water system Reciprocating (small), centrifugal 
(large), or rotary water chillers.

Figure 14.27 Compressive refrigeration cooling cycle 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 11.16 
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Figure 14.28 Absorption refrigeration cycle 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 11.16
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EVAporAtIVE CoolIng
Moisture evaporated into dry air lowers its temperature by us-
ing up some sensible heat to evaporate water. This is balanced 
by an increase in latent heat energy so that the total energy 
content of the air mix remains unchanged.

An evaporative cooling system precools outside air be-
fore passing it through a space. (See Figure 14.29) The air 
first passes through a wet pad from which it evaporates water, 
increasing the air’s water content (latent heat) and reducing 
its dry‐bulb temperature (sensible heat). Evaporative cooling 
will work in most parts of the United States, as long as high 
humidity and rapid outside airflow rates can be tolerated. 
Evaporative cooling does not need a drain, but requires a 
continuous water supply.

When the outdoor air is at 105°F (41°C) and the relative hu-
midity is a low 10 percent, evaporative cooling can produce 
indoor air at 78°F (26°C) and 50 percent relative humidity with 
only the power necessary to operate a fan. However, the fans 
that drive evaporative coolers are noisy, and the aroma of the 
wetted cooler may be unpleasant.

CoolIng EquIpmEnt typEs
packaged terminal air conditioners (pTACs), also called 
incremental units, are self‐contained units that are factory as-
sembled and located in the space served. They usually have no 
ductwork. PTACs include window air conditioners, through‐wall 
room units, and heat pumps. (See Table 14.17) PTACs are used 
in apartment buildings, hotels, motels, and some office build-
ings. They minimize HVAC space requirements and disruption 
for renovations.

Unit air conditioners are not as efficient as larger central 
units. (See Figure 14.30) Unit air conditioners are noisy, and 
due to high air velocity, can cause drafts. Sometimes the 
noise is welcome, as it can mask street noise. In moderate 
climates, air can be circulated either through cold‐side or 

hot‐side coils, using the unit as a heat pump to cool in hot 
weather and heat in cool weather. This does not work eco-
nomically in very cold weather, when there is not enough heat 
outdoors.

EFFICIEnCy rAtIngs For CoolIng 
EquIpmEnt
Energy efficiency rating systems for heating and cooling equip-
ment were introduced earlier in this chapter. We are elaborating 
on ratings for cooling equipment here.

Room air conditioners measure energy efficiency with the 
energy efficiency ratio (EER), which is the ratio of the cooling 
capacity in BTUs per hour to the power input in watts. The 
higher the EER rating, the more efficient the air conditioner. 
US DOE standards effective June 2014 require room air con-
ditioners to have an EER ranging from 9.0 to 11 or greater, 
depending on the type and capacity. The efficiency of air 
conditioning equipment is listed on an EnergyGuide label on 
the unit.

Central air conditioners circulate cool air through ductwork. 
They are rated according to their seasonal energy efficiency 
ratio (SEER), which indicates the relative amount of energy 
needed to provide a specific cooling output. The minimum SEER 
allowed (2012) is 13.

In addition to the EER and SEER, several other ratings 
apply, depending upon the size and type of equipment. The 
annual fuel utilization efficiency (AFUE) rating is a ratio of 
the annual fuel output energy to annual input energy. The 
coefficient of performance (COP) assesses the rate of heat 
removal for cooling equipment, and the efficiency of heat 
pump systems for heating. The integrated part load value 
(IPLV) expresses the efficiency of air conditioning and heat 
pump equipment.

Figure 14.29 evaporative cooler
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TAble 14.17 pACkAgeD TerminAl Air 
ConDiTioners (pTACs)
equipment Description

Unitary (unit) air 
conditioner (window air 
conditioner)

Individual apartments, motel 
rooms. If used only as needed, 
can save energy. Noisy. Minimize 
installation costs, portable, limited 
capacity, no heating. Exterior grille 
may admit ventilation air.

Through‐the‐wall unit Each unit is essentially a 
compressive refrigeration 
machine. Condenser coil, 
compressor, and one noisy fan on 
outside of interior partition within 
equipment. Evaporator coil and 
fan to blow air over it on inside. 
Permanently mounted.

Heat pumps Use electricity efficiently to heat 
and cool, reversing functions 
seasonally.
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HEAt pumps
Both compression cycle and absorption cycle air conditioners 
have hot and cool sides. For cooling, air or water is circulated 
past the cold side. When the hot side is used as heat source, the 
equipment is called a heat pump. The heat pump uses a rela-
tively small amount of energy to pump a large amount of heat 
from the colder side (the ground or outside air) to the warmer 
air inside the building.

Figure 14.30 unit air conditioner 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 511 
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Figure 14.31 Heat pump summer cooling
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A heat pump is an efficient way to heat with electricity. Earth‐
coupled heat pumps are more efficient than air‐to‐air ones.

Heat pumps use the compressive refrigeration cycle to absorb 
and transfer excess heat outdoors in hot weather. (See Figure 14.31) 
They also draw heat from outdoor air for heating by reversing the 
cooling cycle and switching the heat exchange functions of the con-
denser and evaporator. (See Figure 14.32) Heat pumps work best 
where the heating and cooling loads are almost the same.
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A well‐designed air conditioning system must eliminate both 
the heat and humidity unintentionally leaking into the building or 
generated within it, and that introduced with air for ventilation. 
Engineers try to design air conditioning systems that are large 
enough to assure adequate comfort, but not so large that they 
cycle on and off too frequently, which would wear out the equip-
ment faster. With some equipment, excessive cycling on and off 
results in decreased efficiency and more energy use.

HEAtIng, VEntIlAtIng, And AIr 
CondItIonIng (HVAC) systEms
A heating, ventilating, and air conditioning (HVAC) system in-
tegrates mechanical equipment designed to provide thermal 
comfort and air quality throughout a building. The difficulty of 
doing this is apparent when we consider that a building may be 
hot from the sun on one side, colder on the other, and warm in 
its interior, all at the same time on a winter day.

In the 1960s when energy costs were low, architects, en-
gineers and building owners did not worry about how easily 
heat was transmitted through the building envelope. Dramatic 
architectural effects like all‐glass buildings took precedence 
over energy conservation. Omitting roof and wall insulation 
minimized initial building costs. The HVAC system designer 
made the building comfortable by using as much mechanical 
equipment as necessary.

With increased fuel costs, energy has become one of the larg-
est expenses in the building’s operating budget. Architects and 
engineers are moving away from equipment‐intensive mechani-
cal systems and toward passive and hybrid system design. The 
earlier, energy‐intensive systems are being modified or replaced. 

TAble 14.18 oTHer Cooling equipmenT
equipment Description

Fan‐coil unit (FCU) Cabinet with heating/cooling coil, fan, 
air filter. Room air circulated through 
unit by fan. Vertical, horizontal, and 
stackable configurations.

Chilled beams Manufactured device at ceiling (not 
a structural beam). Radiant cooling 
plus convective heat transfer; heating 
also possible. Passive, or active with 
induced airflow.

Passive chilled beams: all‐water 
terminals that exchange heat via 
radiation and convection.

Active chilled beams: air‐water 
terminals with convective transfer 
predominating.

Prefabricated metal 
radiant panels

Can cool and heat. Chilled water is 
circulated through tubing at back of 
the panel, absorbing excess room 
heat and carrying it away.

Cooling coils (direct 
expansion [DX] coils)

Provides cooling via room air passing 
across coil containing circulation 
refrigerant. Can add to warm air 
furnaces. Refrigeration cycle indoors, 
noisy compressor/condenser unit 
outdoors.

Central residential 
air conditioners

Cool the entire house with a large 
compressor unit outside.

Chiller (any 
refrigeration machine 
used to chill water)

In a chilled water system, entire cycle 
takes place in chiller. Prefabricated 
assembly contains compressors, 
condenser, and evaporator.

Heat pumps are available in sizes from window units, to 
units to heat or cool a house, to units for larger buildings. A 
heat pump is often part of a total energy system that con-
centrates waste heat from an electric generating system 
to heat same building served by electric generator. Types 
of heat pumps include air‐to‐air, air‐to‐water, water source 
(hydronic), water‐to‐air, water‐to‐water, and ground source 
heat pumps.

Other types of cooling equipment include fan‐coil units, 
chilled beams, radiant panels, cooling coils, central residential 
air conditioners, and chillers (See Table 14.18)

Cooling systems are often classified by the fluids used to 
transfer heat from habitable spaces to the refrigeration ma-
chine. Four major categories include direct refrigerant, all-air, 
all-water, and combination air-water. (See Table 14.19)

Most large multistory buildings use central systems on the 
roof or in the basement, with systems divided in many buildings. 
Very high buildings may have intermediate mechanical floors to 
minimize space lost to vertical air ducts.

TAble 14.19 Cooling sysTem CATegories
Cooling system Description

Direct refrigerant 
(Direct expansion or 
DX) systems

Simplest, most basic refrigeration 
machine plus two fans. Indoor air 
blown directly over evaporator 
coil. Small to medium‐sized spaces 
that require their own separate 
mechanical units.

All‐air systems Air blown across cold evaporator 
coil, then delivered by ducts to 
rooms to be cooled. Ventilates, 
filters, dehumidifies air. Bulky 
ductwork, large fans.

All‐water systems Water chilled by evaporator coil, 
then delivered to fan‐coil units in 
each space. Pumps less energy 
than fans. Ventilation by windows.

Combination air‐water 
systems

Bulk of cooling by water and 
fan‐coil units. Small air system 
completes cooling and ventilates, 
dehumidifies, and filters air. Air 
ducts can be small.
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Because of all these changes, we confine our investigation of 
HVAC systems to basic information.

There are four means that HVAC systems use to move heat 
to a conditioned space. The most common in the recent past 
has been ducted warm air with supply and return paths, venti-
lation, and air cleaning and mixing. The others are piped hot 
water, piped steam, and electricity. Cooling is delivered using 
chilled water or cool air.

All‐air systems include single‐duct constant‐air‐volume 
(CAV), single‐zone, multizone, single‐duct variable‐air‐volume 
(VAV), dual duct, and terminal reheat systems. (See Table 14.20) 
All‐water systems are typically either two‐pipe or four‐pipe 
systems. (See Table 14.21)

See 2012 ASHRAE Handbook—HVAC Systems and Equipment 
for detailed information on water and steam systems.

 

An air‐water system supplies primary conditioned air 
from a central plant to each zone or space. There it mixes 
with room air and is heated or cooled in induction units. The 
primary air draws room air through a filter and passes it 
over coils that are heated or chilled by water from a boiler 
or chilled‐water plant. Local thermostats control the air 
temperature.

Packaged systems are self‐contained, weatherproof sys-
tems powered by electricity or a combination of electricity 
and gas. They are mounted on roofs (where multiple units 
may serve long buildings) or on concrete pads along the 
exterior wall of a building. Connected to vertical shafts, pack-
aged systems can serve buildings up to four or five stories 
in height. Split packaged systems combine an outdoor com-
pressor and condenser, and indoor heating and cooling coils 
and fan.

All but local HVAC systems are field‐assembled from large 
numbers of components from a variety of suppliers and manu-
facturers. Most are unique and resemble but do not replicate 
other systems. As a result, things can go wrong, so a commis-
sioning process highly recommended.

HVAC zones
The numbers and types of HVAC zones required for thermal 
comfort influences the selection of centralized versus local 
HVAC equipment systems. A zone placed away from the build-
ing envelope may not have the access to outdoor air required 
for a localized system. Space must be available for equipment 
within a local zone.

As seen in Chapter 12, large multipurpose buildings conven-
tionally use a system of 16 zones. Each function (for example, 
apartments, offices, and stores) has five zones: north, east, 
south, and west sides, and a central core. Underground parking 
adds a sixteenth zone. Each of these zones may encompass 
more than one floor. Adding in scheduling considerations may 
increase the number of zones. If apartments need individual 
controls and have varied usage patterns, each apartment may 
become one zone. Some small commercial buildings have no 
interior zone.

HVAC system Components
Although interior designers do not design the HVAC system, 
they will have to deal with the space that components take up, 
their noise, their terminal outlets in occupied rooms, and the 
access space needed for repair and maintenance.

HVAC systems provide heating, cooling, and ventilation. 
(See Table 14.22) HVAC systems consist of three main parts: 
the equipment that generates the heating or cooling, the medi-
um by which the heat or cooling is transported, and the devices 
by which it is delivered. For example, a building might use an 
oil‐fired boiler to generate hot water. The water is the medium 
that carries the heat throughout the building, and the pipes and 
radiators are the delivery devices.

TAble 14.20 All‐Air HVAC sysTems
system Type Description

Single‐duct, constant‐
air‐volume (CAV) system

Constant temperature, air delivered 
at low velocity air to spaces

Single‐zone system Single thermostat regulates 
temperature for whole building

Multizone system Separate ducts from central air 
handling unit serve each zone

Single‐duct, variable‐air‐
volume (VAV) system

Terminal outlets control airflow for 
each zone or space

Dual duct system Separate ducts deliver warm and 
cold air to mixing boxes that blend 
it before distributing to each zone 
or space

Terminal reheat system Supplies air to terminals that heat 
or cool temperature for each zone 
or space

TAble 14.21 All‐WATer HVAC sysTems
system Type Description

Two‐pipe One pipe supplies hot or chilled 
water to each fan‐coil unit (FCU), 
another returns it to boiler or 
chilled water plant. FCU draws 
mixture of room air and outside 
air over heating or cooling coils, 
blows it back into space.

Four‐pipe Two separate piping circuits, 
one for hot water, one for chilled 
water, provide simultaneous 
heating and cooling to various 
zones.
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undErFloor AIr dIstrIButIon (uFAd)
underfloor air distribution (uFAD) with displacement ventila-
tion provides fresh air cooled to just below the design room tem-
perature, at a low velocity. Using the area under a raised floor 
as a plenum, high volumes of low‐velocity air are distributed 
without ductwork. (See Figure 14.33)

Fresh air enters the underfloor distribution space, and rises 
upward as it picks up heat from occupants, office equipment, 
and lighting. Eventually, it stratifies at the ceiling. The provision 
of cooler, fresher air near the floor and warmer, staler air at 
the ceiling provides better IAQ and thermal comfort than ceiling 
supply and return systems. Individual control of floor‐mounted 
registers increases comfort.

The raised floor is typically supported on a 2‐foot (610 mm) 
square module. This is also often the location of power and data 
cabling outlets. The units allow multiple orientations and ease 
of reorganization.

Codes may restrict the height of the raised floor, and wiring 
is often required to have a special wear‐resistant coating. A ceil-
ing at least 9 feet (2.7 meters) high is necessary for proper air 
stratification; this height is also the minimum to accommodate 
daylighting design. Without a suspended ceiling, lighting, fire 
safety, and other building systems are exposed; some of these 
may be moved to under the floor above.

The comprehensive term air‐handling unit (AHU) covers a 
number of separate pieces of equipment, which may be com-
bined into an HVAC system. Types of air‐handling units include 
unitary air‐handling units, computer room units, and central air‐
handling units.

Large buildings often use combination systems. Water or 
steam is piped to an AHU, passed over a heat exchanger coil, 
and heat or cooling is transferred to air and ducted to condi-
tioned spaces.

HVAC distribution
Distribution of air in an HVAC system is typically accomplished 
through ductwork. Underfloor distribution is another option.

AIr supply duCtWork
The amount of resistance to airflow varies with the length of the 
duct run and the velocity of airflow. Higher velocity results in 
greater resistance.

Horizontal air distribution above corridors is very common, 
where the reduced headroom is not usually a problem. Circu-
lation spaces are usually away from windows, so daylight is 
not affected. Corridors provide logical connections from one 
space to another, and are good paths for distribution trees. The 
change from lower service spaces to higher ceilings in office 
spaces enhances the openness of the higher spaces.

AIr supply prEssurIzAtIon
In some spaces, like shopping malls, the corridors of apart-
ment houses, and stair towers, more air is introduced into 
the space than is mechanically removed. These spaces are 
kept under positive pressure, so that air tends not to flow into 
them. This pressurization helps prevent unheated or uncooled 
outdoor air or smoke from a fire from entering these spaces. 
Higher air pressures also reduce discomfort from drafts and 
uneven temperatures from infiltration of air through the build-
ing envelope.

TAble 14.22 bAsiC HVAC sysTem TAsks
system intake and exhaust movers, Converters, 

processors
Distribution results

Heating Intake fuel, combustion 
air

Boilers, furnaces, 
pumps

Pipes, ducts, electrical 
conduits

Warm air or surfaces. Air 
motion often controlled. 
May need humidity control.

Exhaust heat and CO2 Fans, filters, heat pumps Diffusers, grilles, 
radiators, dampers, 
thermostats, valves

Cooling Intake air, water, fuel. 
Exhaust air, water vapor, 
heat, CO2

Evaporative coolers, 
heat pumps, chillers, 
cooling towers, coils, 
pumps, fans, filters

Pipes, ducts, diffusers, 
grilles, radiators, 
thermostats, valves, 
dampers

Cool air or surfaces. Air 
motion usually controlled. 
Humidity control usually 
provided.

Ventilation Air Fans, filters Ducts, diffusers, grilles, 
switches, dampers

Fresh air. Air motion 
control. Air quality control.

Figure 14.33 underfloor air distribution 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illlustrated (3rd ed.), Wiley 2012, page 230 

Pressurized underfloor plenum
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access
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Natural convection moves air up
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ASHRAE’s 2013 UFAD Guide: Design, Construction, and 
Operation of Underfloor Air Distribution (UFAD) Systems 
provides more information on this technology.

See Chapter 16, “Electrical Distribution,” for information on 
underfloor systems for wiring distribution.

terminal delivery devices
HVAC terminal devices deliver heating or cooling to a condi-
tioned space. (See Table 14.23) Selection criteria include the 
heating, cooling, dehumidification, filtering, and ventilation func-
tions required; their location in the room; the energy source; 
and the type of any distribution system to which the terminal 
device is connected.

AIr dElIVEry dEVICEs
As air moves from a supply outlet, room air moves toward it. 
This can produce a narrow band of discoloration around the out-
let on smooth ceilings; on textured ceilings, smudging occurs 
over a larger area. Beveled mounting frames and other special 
designs minimize smudge problems.

Supply outlet placement may affect the installation of lighting 
fixtures, cabinetry, or other components.

The horizontal distance that the air stream travels from an 
outlet before dropping is called its throw. The throw should be 
long enough to mix the supply air temperature and velocity with 
room air before dropping to the occupied zone. Too cold or fast 
a flow produces drafts; if too warm, the air will not drop.

The amount of air discharged from a supply air grille is desig-
nated in cubic feet per minute (cfm), based on the open area 
in square feet of the supply air grill and the velocity in feet per 
minute of air passing through it. The SI unit is cubic meters per 
minute (m3/min).

Workstation delivery systems are also known as personal 
comfort delivery systems. Systems mix outdoor air and recir-
culating indoor air together as the primary air brought by duct 
from a main duct or floor plenum to each workstation mixing 
box. Each worker can adjust the supply air temperature, mix-
ture of primary and locally recirculating air, air velocity and 
direction, and radiant supplementary heat located below desk 
level. The system can dim task lighting and adjust the masking 
sound level. An occupant sensor shuts down the system when a 
workstation is unoccupied, maintaining minimum airflow.

WAtEr dElIVEry dEVICEs
Delivery in water‐to‐air or all‐water HVAC system involves 
introducing heating or cooling indirectly from water to air within 
the room. Most hot water systems use convectors rather than 
the cast iron radiators of the past. Today, convectors include 
fin tubes or fin coils working by natural convection. Unobtrusive 
baseboard, cabinet units under windows, or underfloor devices 
are used.

FAn CoIl unIts
A fan coil unit (FCU) is a factory‐assembled unit with a heating 
and/or cooling coil, fan, and filter. (See Figure 14.34) A FCU is 
similar to an AHU but is a terminal device, serving a single room 
or a small group of rooms. Units are available as 1‐, 2‐. 3‐ or 
4‐pipe systems that offer varying levels of control of change-
over from heating to cooling. An FCU with a cooling coil also 
dehumidifies.

Wall, ceiling, and vertical stacking models are available. 
Some designs are concealed in custom enclosures, semi‐re-
cessed into the wall, or installed as floor consoles with various 
cabinets. Recessed units are often found along corridors.

Ceiling models are available in cabinets for exposed loca-
tions, or without a cabinet for concealed mounting. They should 
not be mounted above solid ceilings, as their condensate drains 
are prone to clogging and the drain pans can overflow, requiring 
maintenance. One ceiling unit can be ducted to supply several 
adjacent small spaces.

Vertical stacking units are used in multiple floor apartment 
buildings, condominiums, office buildings and hotels. They 
eliminate the need for separate piping risers and runouts.

TAble 14.23 HVAC DeliVery FunCTions AnD 
DeViCes
Function Devices

Heating only Natural convection devices, unit 
heaters, usually radiation devices

Heating, cooling, 
dehumidification, and 
air filtering

Fan coil units

Heating, cooling, 
dehumidification, and 
air filtering; conditioned 
ventilation

Unit ventilator, packaged terminal 
air conditioners, heat pumps, air 
handling systems that terminate at 
air delivery devices

Figure 14.34 Fan‐coil unit

Thermostat

Fan

Room air
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FCUs provide a good solution for buildings with a large 
number of small, individually controlled, and variously occupied 
rooms, such as hotels, motels, apartment buildings, nursing 
homes, and medical centers. There is no mixing of air from the 
conditioned spaces. Each space requires operable windows or 
infiltration for ventilation air, or alternatively, a ducted ventila-
tion system for the whole building.

FCUs must be maintained and serviced within occupied ar-
eas. Fans on older units tend to become noisy. A condensation 
drain line is required for each unit that provides cooling, and 
bacteria tend to grow in the drain pans. Small and inefficient 
filters require frequent changing to maintain proper airflow.

A fan‐coil unit adjusted to supply a significant amount ven-
tilation air, for example in a classroom, is typically called a unit 
ventilator and has a somewhat larger outside intake grill than a 
fan‐coil unit. A unit ventilator offers individual temperature con-
trol in each room of a building by circulating chilled or heated 
water from central unit to each room.

Control systems
Most HVAC systems are actuated and regulated by automatic 
controls. Most controls in larger buildings are computerized, 
and are usually set to maintain a range of conditions, rather than 
having a specific set point.

Control functions include maintaining the desired thermal 
comfort conditions, increasing energy efficiency by promoting 
optimum operation, avoiding human error, and promoting oc-
cupant satisfaction.

Safety devices are designed to limit or override mechanical 
or electrical equipment. Power sources are electrical, includ-
ing analog and direct digital control, or self‐contained including 
passive controls.

Building automation systems (BAS) are programmed to in-
tegrate the many aspects of building control into one decision‐
making unit. They are used in most large buildings today.

See Chapter 20, “Communications, Security, and Control Equip-
ment,” for more information on building automation systems.

tHErmostAts
In a residence, a thermostat is usually located in or near the 
living room at a thermally stable location protected from cold 
drafts, direct sunlight, and nearby warm-air registers. Program-
mable thermostats learn your schedule, program themselves, 
and can be controlled from your phone. (See Figure 14.35) They 
note occupancy and automatically turn to an energy‐efficient 
temperature when you are gone.

Thermostats also control the flow of water to radiators 
and convectors. The fans that circulate warm air use ther-
mostats. The thermostat triggers a low‐limit switch, which 
turns fans and pumps on for the heat distribution system 
when a preset low temperature is reached. An upper‐limit 

switch shuts off the furnace when the specified temperature 
is reached. A safety switch prevents fuel from flowing to the 
heating plant if the pilot light or fuel‐ignition system is not 
working.

The HVAC controls for small buildings are usually thermo-
stats. The mechanical engineer determines the location of a 
thermostat based on the location of surrounding heat sources. 
To work properly, the thermostat must be mounted on an 
inside wall away from doors and windows, so that it will not be 
affected by the outside temperature or by drafts. Do not place 
lamps, appliances, TV sets, or heaters under the thermostat, 
as their heat will affect furnace operation. The interior designer 
should make it a point to know where the thermostat is to be 
located as it could end up in the middle of a featured wall, right 
where the designer had planned to hang a piece of art.

WIrElEss Control systEms
Wireless control systems are becoming increasingly common. 
They eliminate the need for power and data wiring at hundreds 
of locations in the building, reducing the cost of the control 
system and making retrofit installations feasible.

Systems that provide remote wireless control and switching 
have design implications for architects and building engineers 
who must make provisions to provide for facilities to accom-
modate them.

Wireless residential building management systems regulate 
temperature and activate equipment in advance of the occu-
pant’s arrival, and provide real‐time building condition status 
reports. They can control door and window locks, security cam-
eras, lighting, and appliances.

Neural networks involve automation systems capable of 
learning from use, to predict usage patterns and anticipate 
needs while conserving energy. They can adjust operations in 
advance without needing specific commands from occupants. 
In retail and commercial spaces with highly predictable pat-
terns, neural networks quickly learn to anticipate needs and 
conserve energy.

BuIldIng CommIssIonIng
building commissioning is a formal start‐up and testing pro-
cess that identifies and corrects operational deficiencies, saves 

Figure 14.35 programmable thermostat
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energy, and helps ensure that the building owner receives the 
intended performance from all building systems. It is a process 
for verifying and documenting that the performance of a build-
ing and its various systems meets the design intent and the 
owner’s operational needs.

As engineers and architects move away from designing 
buildings that are equipment driven, interior spaces will reflect 
new energy-efficient priorities. Older buildings will gradually be 
refitted with new systems. Understanding how existing build-
ings work and how they can be made more resource‐efficient 

is important to interior designers working as part of a building 
design team.

Our reliance on electricity has serious implications for en-
vironmental quality and resource conservation. Existing twenti-
eth‐century buildings were rarely designed for daylighting, and 
rely strongly on electrical lighting. This in turn adds heat to the 
building’s interior and increases energy use for air condition-
ing. In Part VI, “Electrical and Lighting Systems,” we examine 
alternatives to heavily wired, energy‐intensive, and artificially 
illuminated buildings.
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Part

VI
ElEctrical and lighting 

SyStEmS

Our reliance on electricity has serious implications for environmental quality and 
resource conservation. Much of the energy produced from coal, petroleum, or 
 nuclear sources ends up as electricity distributed for building use.

Twentieth‐century buildings were rarely designed for daylighting, and relied strongly 
on electrical lighting. According to the U.S. Energy Information Administration (2012), 
lighting consumes about 17 percent of the energy used in residential and commercial 
buildings. This in turn adds heat to the building’s interior and increases energy use for 
air conditioning.

Historically, usable energy was most often produced by burning a fossil 
fuel such as coal or oil…Only since the end of the nineteenth century, 
however, has [the heat produced been] in turn used to create…
electricity. Nuclear reactors, geothermal resources, and concentrating 
solar collectors may also be used to produce heat for electricity 
generation…It is well to remember that, in terms of consumption of 
fuel resources, electricity is an expensive form of energy because the 
efficiency of overall heat‐to‐electricity conversion, on a commercial 
scale, rarely exceeds 40%. (Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1219)

Existing buildings contain miles of wiring, much of which is no longer in use. 
Wireless technologies and underfloor distribution are becoming the dominant ways 
to power equipment and send data. Interior designers specifying appliances and 
lighting fixtures need to have an understanding of the basics of electricity. The risk 
of fires caused by electrical failures is a safety issue. In Part VI of this book we will 
be looking at these issues and others.
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Chapter 15, “Electrical System Basics,” introduces electrical principles and looks 
at electrical power sources and energy conservation, as well as circuit design 
and safety issues.

Chapter 16, “Electrical Distribution,” addresses electrical wiring in commercial 
buildings and residences, including electrical service, distribution, devices, and 
loads.

Chapter 17, “Lighting Systems,” looks at light and vision and at daylighting, then 
probes the basics of electrical lighting design, light sources, and fixtures.

The effect of electrical systems and particularly of lighting on interior design is 
immense, and has undergone many changes in recent years. This part of Building 
System for Interior Designers, Third Edition seeks to explain the developing per-
spectives of architects and engineers and enlighten interior designers as to recent 
developments.
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Working with the building’s architect and engineers, the in-
terior designer is responsible for seeing that power is available 
where needed for the client’s equipment, and for making sure 
that the lighting and appliances are safe, appropriate, and en-
ergy efficient.

History
In 1752, Benjamin Franklin famously concluded that lightning 
must be made of electricity, and invented the lightning rod to 
protect buildings. In 1792, Alessandro Volta invented the bat-
tery, producing electric current.

By the end of the nineteenth century, research by Andre 
Ampere (1776–1836), Georg Ohm (1780–1854), Heinrich Hertz 
(1857–1894), and others resulted in the conclusion that electric-
ity is a stream (current) of electrons flowing from negative to 
positive charges.

Thomas Edison developed a functioning electric lamp in 
1879. In 1882, Edison opened the first centralized electrical util-
ity, the Pearl Street Station in New York, which provided direct 
current (DC) to nearby homes and shops. (See Figure 15.1) Al-
though Edison’s central generating station provided electrical en-
ergy for New York, widespread distribution remained a problem.

Inventor Nicola Tesla tried to convince Edison of the supe-
riority of alternating current (AC) but failed to do so, and 
subsequently, sold his patents to George Westinghouse. This 
resulted in two competing electrical industries in the United 
States, Westinghouse (AC) and Edison (DC).

Up through the early twentieth century, nearly all large build-
ings and groups of buildings supplied their own on‐site or local 

Electricity is the most prevalent form of energy in a modern build-
ing. Electricity supplies electrical outlets and lighting fixtures. 
Ventilation, heating, and cooling equipment depend upon electri-
cal energy. Electrical devices help to provide acoustic privacy 
and hearing. Elevators and material transporters, along with sig-
nal and communication equipment, rely on electricity for energy.

Interior designers are involved in making sure that electrical 
power is safe and available where the user needs it. Lighting 
design is critical to the function and ambience of an interior 
space. Understanding the principles involved in these tasks is 
important in an interior designer’s work.

The electrical system of a building supplies power 
for lighting, heating, and the operation of electrical 
equipment and appliances. This system must be installed 
according to the building and electrical codes in order 
to operate safely, reliably, and effectively. (Francis D.K. 
Ching, Building Construction Illustrated (5th ed.), Wiley 
2014, page 11.30)

Before we get into the details of electrical distribution and de-
vices, this chapter addresses what electricity is and how it works. 
Energy conservation and safety are also included in this chapter.

IntroductIon
Architects and electrical engineers design the electrical system 
of a building. They often call on equipment consultants and light-
ing designers for support. Their efforts have major impacts on 
the building’s interior design.

15
Electrical System Basics
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The electrical engineer is responsible for determining the loca-
tion and estimated size of all required electrical equipment spaces. 
The architect must then reserve spaces for electrical equipment.

The electrical engineer, the architect, the interior designer, 
and the lighting designer design the lighting for the building. 
Often the lighting plan is separate from the layouts for recep-
tacles, data, and signal and control systems. Underfloor, under‐
carpet, over‐ceiling wiring, and overhead raceways are usually 
shown on their own plans. The engineer then prepares a lighting 
fixture layout.

For more information on lighting design see Chapter 17, “Light-
ing Systems.”

All electrical apparatus is located on an electrical plan, in-
cluding receptacles, switches, and motors. Data processing 
and signal apparatus is also located, as is communications 
equipment and fire and smoke detectors. Control wiring and 
building management system panels are also indicated.

Next, the engineer designs the circuiting for all lighting, 
electrical devices, and power equipment. The engineer pre-
pares riser diagrams that show how wiring is run vertically, 
and designs the panels, switchboards, and service equipment.

Interior designers are also responsible for showing electrical 
system information on their drawings, usually on a power plan. 
(See Figure 15.2) The electrical engineer may use the interior 
design drawings to help design the electrical system. The interior 
design drawings often indicate all electrical outlets, switches, and 
lighting fixtures and their type. Large equipment and appliances 
should be indicated along with their electrical requirements. Com-
munication system equipment, like public phones, phone outlets 
and related equipment, and data outlets are shown.

The interior designer should be familiar with the location 
and size of the electrical panels, and of building systems that 
affect the type of wiring used, such as plenum mechanical sys-
tems. He or she must know the locations of existing or planned 
receptacles outlets, switches, dedicated outlets, and ground‐
fault circuit interrupters (GFCI). The interior design must 
coordinate lighting fixtures, appliances, equipment, and emer-
gency electrical systems. The interior designer may need to 
coordinate the location of equipment rooms with other require-
ments, and should be aware of the presence of an uninterrupted 
power supply or standby power supply.

codes and Standards
Electricity has the capacity to cause shocks and fires. Codes 
and standards are critical to using electricity safely.

codES
The electrical system must be installed according to building and 
electrical codes in order to operate safely, reliably, and effec-
tively. The National Electrical Code (NEC) defines  fundamental 

DC power. On‐site generators supplied electricity for elevators, 
ventilators, call bells, fire alarms, and lighting. The low voltages 
produced by these local DC power plants lost too much volt-
age when distributed over long distances. Although AC power 
ultimately prevailed, DC systems persisted in some urban areas 
throughout the twentieth century.

AC power allowed electricity to be transmitted at high voltag-
es over long distances. High-voltage transmission reduced pow-
er losses through the wires. The high voltage was transformed 
down to useable voltages at the point of use. By the 1920s, the 
construction of larger central power stations led to lower costs.

In 1978, the Public Utilities Regulatory Policies Act 
(PURPA) decreed that utilities must buy on‐site generated elec-
tricity that small private power producers wanted to sell. Local 
energy generation systems could now be connected to the elec-
tric utility’s grid. Techniques for generating and storing energy 
on‐site are advancing, and we are seeing a significant increase 
in locally produced electrical energy.

Currently, large centralized electrical generating plants are 
usually powered by water or steam turbines. The steam is most 
often generated by coal, but also by oil, gas, or nuclear fuel. 
In electrical generation plants, large quantities of heat energy 
go up the chimney and into waterways rather than as energy 
to transmission lines. Further losses occur in the transmission 
lines to the user, so that the electrical energy we receive is only 
about one third of the initial energy available from the fuel.

Electrical System design Process
Electrical engineers start the process of designing an electrical 
system by estimating the total building electrical power load. 
They then plan the spaces required for electrical equipment. 
The engineer and the utility determine the point at which the 
electrical service enters the building. The engineer looks at how 
all areas of the building will be used and the type and rating of 
the client’s equipment. The electrical engineer gets the electri-
cal ratings of all the equipment from the HVAC, plumbing, eleva-
tor, interior design, and kitchen consultants.

Figure 15.1 Pearl Street generating station, 1882 
Source: T.K. Derry and Trevor I. Williams, A Short History of Technology, 
Dover Publications, Inc., 1993, page 617
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viewed as somewhat beyond our comprehension. The existence 
of electrons was not discovered until 1897. (See Figure 15.3)

Today, we accept that electrical current involves a flow 
of electrons along a conductor. It is actually the flow of energy, 
with limited physical movement of the electrons themselves. In 
many materials, such as wood, plastic, glass, and ceramics, 
electrons stick tightly with their atoms. These materials are in-
sulators, and conduct electricity poorly if at all.

Electrical current transmits electrical energy from one point 
to another. Electricity needs a conductor in order to move. The 
electrons in most metals can detach from their atoms; these 
are called free electrons. The loose electrons allow electricity 
to flow easily through these materials, making them good elec-
trical conductors.

types of Electricity
There are two types of electricity, static electricity and current 
electricity. Lightning is a type of static electricity that can dam-
age buildings. Current electricity is productively used in buildings.

safety methods that must be followed in selection, construc-
tion, and installation of electrical equipment and systems. It is 
used by all inspectors, electrical designers, engineers, contrac-
tors, and operating personnel. The NEC has been incorporated 
into OSHA, and effectively has the force of law. The Canadian 
Electric Code (CEC) is very similar to the NEC.

Many large cities (including New York, Boston, and Washing-
ton DC) have their own electrical codes. They incorporate many 
NEC provisions with their own special requirements.

StandardS
Standards for electrical and communications systems are set 
by the American National Standards Institute (ANSI) and the Na-
tional Electrical Manufacturers Association (NEMA). In addition, 
the standards of the utility supplying electric service apply.

UL establishes standards and tests and inspects electri-
cal equipment. The organization publishes extensive lists of 
inspected and approved electrical equipment. UL listings are 
universally accepted, and many local codes only accept electri-
cal materials bearing the UL label of approval.

Electrical material or equipment without a UL label should not 
be permitted on any project.

PrIncIPlES of ElEctrIcIty
Electricity is a form of energy that occurs naturally only in uncon-
trolled forms like lightning and other static electrical discharges, 
or in natural galvanic reactions such as those that cause cor-
rosion. Until the end of the nineteenth century, electricity was 
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circuit. Each parallel group acts as a separate circuit. If one of 
these smaller circuits is broken, only the devices on that section 
are affected, and the rest of the circuit continues to circulate 
electricity.

Sometimes, due to worn insulation on a wire or another 
problem, an accidental connection is made between points on 
a circuit. This connection shortens the circuit and lets the elec-
tricity take a shortcut back to the source. This is called a short 
circuit. (See Figure 15.5) The electricity does not encounter 
the resistance that would be in the normal wiring, and the cur-
rent rises instantly to a very high level. If the flow of electricity 
isn’t stopped by a fuse or circuit breaker, the heat generated by 
the excessive current can start a fire.

Power in an electrical circuit is expressed in watts or kilowatts 
and time in hours, so units of energy are watt‐hours (Wh) or 
kilowatt‐hours (kWh).

amPEragE
Electricity flows at a constant speed, and moves virtually in-
stantaneously. The process of electricity flowing along a cir-
cuit is called electrical current or amperage. It is measured in 

StatIc ElEctrIcIty
Static electricity is usually created by friction. Static electricity 
creates very high voltages but very low currents. This means 
that, when static electricity discharges, the resulting spark is 
extremely short lived, and generally harmless unless the tiny 
spark ignites a combustible gas.

lIgHtnIng
A lighting strike is a massive electric discharge between the at-
mosphere and an object on earth. Current induced by a lightning 
strike does not only take the path of least resistance, it takes 
all paths to the ground. According to the National Oceanic and 
Atmospheric Administration (NOAA), over the past 20 years, the 
United States has averaged 51 lightning strike fatalities annu-
ally, second only to floods in deaths due to weather. On aver-
age, there are around 4300 lightning fires in residences in the 
United States annually.

Buildings can be protected from lighting by pointed metal 
rods that connect directly with the earth through heavy electrical 
conductors. A properly designed protection system can be 99 
percent effective. A good system will include surge arrestors at 
the main electrical panel and wherever telephone and other com-
munication wiring enters the building. Protection of a building 
against lighting strikes should be done completely and properly, 
with UL-labeled equipment and a UL-approved installer.

Electrical current
As indicated above, electrical current involves a flow of elec-
trons along a conductor. Voltage (electromotive force or elec-
trical pressure) is electrical potential. The electricity used in 
buildings consists of voltage and current maintained over time.

The function of an electric circuit is to deliver power 
(measured in watts). The power output of an electric circuit is 
a function of the electromotive force (in volts) and current (in 
amperes).

cIrcuItS
An electrical circuit is any closed path followed by an electrical 
current. Electrons flow along a closed path (a wire, for exam-
ple) from a point with a negative charge to one with a positive 
charge. An electrical circuit is a complete conduction path that 
carries electrical current from a source of electricity to and 
through some electrical device (load) and back to the source. 
(See Figure 15.4) Current will not flow unless there is a complete 
(closed) circuit back to the source.

Electrical circuits can be arranged in a couple of different 
ways. In a series circuit, the parts of the circuit are connected 
one after another, and the resistances and voltages add up. The 
current is the same in all points of a series circuit. Failure of any 
one load, such as a burned‐out lamp, will open the circuit and 
shut off power to all of its loads.

Parallel circuits are the standard arrangement in all build-
ing wiring. When two or more branches or loads in a circuit are 
connected between the same two points, the result is a parallel 
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least resistance to electrical current, and are good conductors. 
The best conductors are silver, gold, and platinum, with copper 
and aluminum only slightly inferior.

Insulators are materials that offer so much resistance that 
they virtually prevent the flow of any electricity at all, so they are 
used to contain electricity in its path. Glass, mica, and rubber 
are very good insulators, as are distilled water, porcelain, and 
certain synthetic materials. Rubber and plastic are used for wire 
coverings, and porcelain is used for electrical sockets.

WattS
The watt is named after James Watt (1736–1819), the Scottish 
engineer who invented the modern steam engine. A watt (W) is 
defined as one ampere flowing under the electromotive force of 
one volt. It is used to measure how many electrons are passing 
a point, and how much force is available to move them.

In physics, energy is technically defined as the work that a 
physical system is capable of doing in changing from its actual 
state to a specified reference state. We define power as the 
ability to do work, or the rate at which energy is used in doing 
work. A watt is a unit of electric power that represents the rate 
at which energy is being used at any given moment, and 1000 
watts equal one kilowatt (kW).

Power is energy used over time. Electrical power is ex-
pressed in watts or kilowatts, and time is expressed in hours, 
so units of energy are watt‐hours or kilowatt‐hours (kWh). One 
kWh equals one watt of power in use for 1000 hours. Utility 
meters measure electrical power use in kWh. The amount of en-
ergy used is directly proportional to the power of a system (the 
number of watts) and the length of time it is in operation (hours).

One Kilowatt (kW) = 1000 watts (W). 1 megawatt = 1,000,000 
W. 1 gigawatt = 1,000,000,000 W.

dIrEct currEnt and altErnatIng 
currEnt
As indicated above, there are two types of electrical current. 
Direct current (DC) has a constant flow rate from a constant volt-
age source, like a battery in which one terminal (pole) is always 
positive and the other always negative. (See Figure 15.6) The 
flow is always in the same direction (polarity). Any current in 
which each wire is always of the same polarity, with one wire al-
ways positive and one always negative, is a direct current. Direct 
current is produced in batteries and photovoltaic equipment.

The principal DC application in buildings today is charging 
storage batteries for emergency power. Most electronic devic-
es such as computers run on low‐voltage DC, but have their own 
power supply that converts 120V AC line voltage to both low 
voltage and DC. The wide use of plug‐in power supplies is creat-
ing interest in providing low‐voltage DC outlets in buildings. This 
would eliminate the need for the power supplies and increase 
ease of use of power sources such as wind, solar, fuel cells, and 
batteries, all of which supply DC.

 amperes (abbreviated amps or simply “A”), named after French 
mathematician and physicist André Ampère. The amount of 
current (number of amperes) determines the size of the wire 
needed for a particular use.

VoltagE
Electron movement and its energy—in other words, electricity—
occurs when there is a higher positive electrical charge on a 
conductor than at another point on that same conductor. For ex-
ample, in an ordinary battery, chemical action causes positive 
(+) charges to collect on the positive terminal and negatively 
charged (‐) electrons to collect at the negative terminal. Even 
when the battery is not connected to any load, the electrified 
particles at the positive and negative terminals tend to flow; 
this tendency or force is called potential difference or voltage. 
When a conductor runs between the positive and negative ter-
minals, the voltage between the terminals causes current to 
flow in the conductor. The more voltage in a system, the more 
current flows, the more electrons move along the conductor 
each second, and the more amps are measured in the circuit.

A unit of voltage is called a volt (V), after Italian physicist 
Alessandro Volta (1745–1827). A volt is defined as a unit of elec-
trical potential. It is a measure of electron movement and its 
associated energy caused by creating a higher electric charge 
at one point on a conductor than exists at another point on the 
same conductor.

To get an idea of how much power is in a volt, try building up 
a static charge by scuffing your feet on a wool carpet. You can 
generate about 400 volts by doing this, enough to make a vis-
ible spark jump between your finger and a metal object—or an-
other person. A static shock has an extremely tiny current flow 
(amperage), so only a limited number of electrons are available 
to make the jump. Its effect is startling rather than harmful, de-
spite the high voltage. However, the current flow available from 
the utility grid is almost unlimited, making our 120‐volt house-
hold systems powerful and dangerous. Without insulation, the 
electrical current could easily melt all the wiring in your home.

rESIStancE, conductorS, and InSulatorS
Simply described, electrical resistance is a result of impuri-
ties in the conductor and disturbance of the structure of the 
conductor’s electrons by heat. Electric current always flows 
through the path of least resistance. Electron flow through a 
material that has resistance generates heat. Higher voltage pro-
duces higher current for a given resistance.

Electrical resistance is measured in units called ohms. An 
ohm is equal to the resistance of a conductor in which a poten-
tial difference of one volt produces a current of one ampere. 
The ohm was named after German physicist George Simon Ohm 
(1787–1854).

Good conductors are materials in which there are a lot of 
electrons that are free to move around, so that there is not a 
lot of resistance to the electrons moving. Materials with low 
resistances are very useful as they conduct electricity more ef-
ficiently and lose less energy to heat. Metals generally have the 
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formers at the generating plant further increase the voltage 
before the electricity is passed to the main transmission lines, 
to keep amperage at a minimum. When the amperage is kept 
low, large amounts of energy can be transmitted through small 
wires with minimum transmission energy losses.

The electricity passes through substations on its way to 
local transmission lines. (See Figure 15.7) Once the electrical 
energy has reached the local area, it is reduced in voltage at 
another transformer for distribution to buildings. The local lines 
have higher transmission losses per mile than the main lines, 
but are much shorter.

The voltage that reaches the building is still too high for con-
sumer use, so each building or group of buildings has a small 
transformer to reduce the voltage still further before it enters 
the building. Electrical service for small buildings is provided at 
230 or 240 volts. You may have seen black transformers on util-
ity poles that reduce the voltage for small buildings. The voltage 
is again reduced to around 120 volts for household use. Some 
older homes have only 120‐volt service. Near large cities, the 
supply may be 120/208 volts.

Large buildings and building complexes often buy electricity at 
the local line voltage and reduce it themselves with indoor trans-
formers before use. The transformer steps down 4160V service to 
480V for distribution within the building. A second transformer in an 
electrical closet steps 480V down to 120V for receptacle outlets.

The electricity within a home may not be exactly 120 and 
240 volts. Typically, a city dweller might have 126 volts at an 
outlet, while a suburbanite may receive only 118 volts. Outlets 
at the far end of a branch circuit have lower voltages than those 
near the service entrance panel, but the wiring in a home should 
not vary by more than four volts. The minimum safe supply re-
quired to avoid damage to electrical equipment is 108 volts.

ElEctrIcal PoWEr SourcES
According to the US Energy Information Administration (2013), 
coal is used to generate 39 percent and natural gas 27 per-
cent of the electricity in the United States. (See Figure 15.8) 

With alternating current (AC), the voltage difference between 
the two points reverses in a regular manner. This means that the 
electrical current changes direction back and forth at a fixed elec-
trical frequency. The change from positive to negative to posi-
tive again is called one cycle, and the speed with which the cycle 
occurs is the frequency of the current. Commercial power from 
utility companies in the United States and Canada is AC, typically 
supplied at 60 cycles per second, or 60 hertz (Hz). Many other 
countries supply commercial power at 50 Hz. The hertz was 
named after German atomic physicist Gustav Hertz (1887–1975).

Production of alternating current is more complex than 
direct current, involving an electrical generator with a metal 
loop that rotates, changing the magnitude and direction of the 
induced voltage (and current). One complete rotation of the loop 
produces one complete cycle in voltage and in the current.

Equipment made for one frequency is not compatible with any 
other frequency. Motors will not perform as desired at the wrong 
frequency, and may overheat, burn out, or have a shortened life.

In AC circuits, resistance is measured in ohms and is called 
 impedance.

The advantage of AC over DC is the ease and efficiency 
with which the level of voltage can be changed by transformers. 
Generators put out currents at many thousands of volts. Trans-

Figure 15.6 Direct current

Figure 15.7 Electrical transmission substation
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Systems are not limited to sunny tropical areas. A solar 
electric system in Boston, Massachusetts, will produce over 
90 percent of the energy generated by the same system in Mi-
ami, Florida. PV can use diffuse light quite well, and functions at 
around 80 percent on partly‐cloudy days, 50 percent on hazy 
humid days, and 30 percent even on extremely overcast days.

PHotoVoltaIc codES and StandardS
The National Electrical Code’s NFPA 70, Article 690—Solar Pho-
tovoltaic (PV) Systems sets standards for photovoltaic systems. 
If the system is connected to the electrical grid, the local utility 
will have additional interconnection requirements. In most loca-
tions, building and or electrical permits are required from city 
or county building departments to install a photovoltaic system. 
After the PV system is installed, it must be inspected and ap-
proved by the local permitting agency (usually the building or 
electrical inspector) and often by the electric utility as well.

PHotoVoltaIc HIStory
The observation that many metals emit electrons when light 
shines on them is called the photoelectric effect. It was dis-
covered in 1839 by Alexandre Edmond Becquerel (1820–1891). 
 Johann Elster (1854–1920), and Hans Geitel (1855–1923) 
invented the first practical photoelectric cells.

In 1954, Bell Labs developed the first crystallizing silicon 
photovoltaic cell. It was put to use in 1958 to satisfy the US 
space program’s need for an extremely light and reliable source 
of electricity for satellites.

In 2013, manufactured PV cells made of amorphous silicon 
ranged from 6 to 9 percent efficient. Newer methods of gener-
ating silicon crystals continue to increase their efficiency.

PV SyStEmS
PV cells collect the sun’s energy, which is then converted from 
DC to AC current. From there, energy is sent to storage (bat-
tery), put immediately to work, or transferred to an electric util-
ity and sent out over the electrical grid. (See Figure 15.9) PV 
installations can be integrated with solar hot water collectors, 
without batteries or grid backup required.

Site‐generated PV produces direct current. The DC power 
is then converted to AC power and tied to the central electrical 
energy grid. During periods of low supply, the energy grid pro-
vides backup energy. When extra production is available on‐site, 
the electrical meter runs backward, effectively selling the extra 
energy as a credit to the grid. Systems can be paired with a 
generator or other back‐up systems for emergency power.

Some utilities are augmenting central power plants with 
large centralized PV farms. Other utilities are setting up smaller 
PV fields near electrical users.

Stand‐alonE and grId-connEctEd 
SyStEmS
There are two basic types of PV systems for buildings: stand‐
alone and grid‐connected. Stand‐alone PV systems are not 
connected to the utility’s electrical grid. They are used for 

 Regardless of the fuel source, most of the electric energy 
generated by steam turbines is lost as the steam condenses. 
There are additional distribution losses even with high voltage 
distribution.

IP units of power include horsepower, Btu per hour, watt, and 
kilowatt. SI units of power include joule per second, calorie per 
second, watt, and kilowatt.

Photovoltaic (PV) Power
Photovoltaic (PV) technology converts sunlight directly into elec-
tricity. It works any time the sun is shining, but more electricity 
will be produced the more intense the light and the more direct 
the angle of the light. Unlike solar energy systems for heating 
water or interior spaces, PV technology does not use the sun’s 
heat to make electricity. Instead, it produces electricity directly 
from electrons freed by the interaction of sunlight with certain 
semiconductor materials in a PV array.

Light exhibits both characteristics of a wave and of a stream 
of energetic particles called photons. When a photon strikes a 
photoelectric metal surface, it dislodges a single electron from 
its normal orbit. Silicon exposed to an intense stream of pho-
tons, as in sunlight, dislodges a large number of electrons from 
their orbits. The electrons proceed to wander about the crystal 
lattice structure of the PV material’s silicon crystals.

The photovoltaic electricity generated is direct current 
(DC), which is either stored in a battery system or converted 
to alternating current (AC) for use in commercial and residen-
tial buildings. For large electric utility or industrial applications, 
hundreds of solar arrays are interconnected to form a large 
utility‐scale PV system.
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Individual PV cells are wired together to produce a PV mod-
ule, the smallest PV component sold commercially. PV modules 
range in power output from about 10 watts to 300 watts. There 
are many module sizes, but they are rarely greater than 3 feet 
wide by 5 feet long (1 by 1.5 meters). Some modules can be 
designed directly into the roof and act as both a roofing material 
and an electricity generator.

Some modules are combined to form solar panels. (See 
Figure 15.11) Individual panels are usually mounted onto a roof. 
Panels can be combined into PV arrays.

PHotoVoltaIc arrayS
PV system arrays are complete connected sets of modules 
mounted and ready to deliver electricity. Building mounted ar-
rays are stationary and usually consist of flat plates mounted at 
an angle. Tracking arrays follow the motion of the sun, providing 
more contact with the solar cells.

 remote or unattended loads, including isolated small residenc-
es. Most stand‐alone systems use storage batteries to store 
excess energy from peak hours for use during cloudy days and 
at night.

Hybrid stand‐alone systems add a fuel‐powered generator 
for larger loads, especially when the peak load is periodic. Hy-
brid systems can be used with wind power, or employ the gen-
erator as backup for use a few times per year.

To connect a PV system to a utility grid, one or more PV 
modules are connected to an inverter that converts the mod-
ules’ DC electricity to AC. Grid‐connected PV systems re-
quire an inverter to change DC current from the PV array to AC 
at the correct voltage of the grid and feed it to the utility through 
the electric meter. Some systems include batteries to provide 
back‐up power in case the utility suffers a power outage.

When the PV system generates more electricity than is 
needed at the site, excess energy can be fed directly onto 
electric lines for use by other electric customers on the util-
ity’s grid. Through a net metering agreement with the electric 
utility, PV system owners are credited for the excess power 
they produce.

PV cEllS and modulES
Photovoltaic (solar) cells are made from a very pure form of 
silicon, an abundant element in the earth’s crust that is not 
very difficult to mine. (See Figure 15.10) PV cells provide direct 
electrical current. When enough heat or light strikes a cell con-
nected to a circuit, the difference in voltage causes current to 
flow. No voltage difference is produced in the dark, so the cell 
only provides energy when the sun shines.
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Figure 15.9 Photovoltaic system
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cal shock is negligible either if voltage is low enough or if 
resistance is high enough. A person’s resistance to electrical 
shock can vary greatly, depending on the layers of internal 
body tissue and skin. A wet floor conducts electricity much 
more readily than a dry floor in contact with rubber‐soled 
shoes.

Touching a “hot” electrical device with one hand while 
touching a good ground (such as a water faucet) with the other 
can transmit a shock through your body. A situation that would 
be only unpleasant at 120 volts may be deadly at 240 volts. 
The magnitude of the injury also depends on the amount of 
time the current flows. Ground fault circuit interrupters (GFCIs) 
greatly reduce exposure time by opening a damaged circuit in 
milliseconds.

BuIldIng IntEgratEd PV ElEmEntS
Building‐integrated photovoltaic (BIPV) elements use 
thin‐film solar cells made from amorphous silicon or nonsilicon 
materials such as cadmium telluride. Because of their flexibility, 
thin‐film solar cells can be incorporated into the roof, walls, or 
windows of a building as a source of electrical power, often 
replacing conventional building materials.

BIPV elements are available in many sizes, finishes, and col-
ors. Although most silicon cells are blue, many thin‐film PV mod-
ules are dark brown, and gold, violet, and green cells are being 
developed. They can be round, semicircular, octagonal, square, 
or rectangular. Custom modules and panels can be produced 
for large projects.

A type of semitransparent PV modules can be used like tint-
ed glazing. Opaque cells can be mounted on clear glazing, with 
the spacing of cells determining the ratio of clear to opaque. 
These modules are especially appropriate for clerestories or 
skylights, where view is not a factor.

nEt mEtErIng
Net metering is a policy of some public utilities that pro-
motes investment in renewable energy‐generating technolo-
gies by allowing customers to offset their consumption over 
a billing period when they generate electricity in excess of 
their demand.

As mentioned previously, the 1978 Public Utility Regulatory 
Policy Act (PURPA) requires that electric utilities buy electrical 
power from small suppliers at price equal to the costs they 
avoid by not having to produce that power. Most states have 
adopted net‐metering laws that require the utility to buy power 
during peak PV generation periods at the same rate at which 
they sell power. The energy that the customer generates and 
uses is credited at the rate the utility would otherwise charge 
that customer. When the PV user buys from the utility, they pay 
at the conventional utility rate.

Net‐metering benefits both the customer and the utility. 
Connection to the electrical grid removes the need for expen-
sive battery installation to provide energy during periods of low 
PV production.

other Electrical Energy Sources
Other sources of electrical energy include fuel cells, biopower, 
hydroelectric, and wind power. (See Figure 15.12 and Table 15.1)

ElEctrIcIty and SafEty
The main electrical danger to a building results from fires 
caused by faulty equipment or wiring. Injury or death by electri-
cal shock is also a danger.

Electrical Shocks
People can be killed or injured by electrical shock due to elec-
trical current flowing through their body. The risk of electri-
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TABlE 15.1 OThER ElECTRICAl EnERGy SOURCES
Source Description

Fuel cells Use electricity to extract hydrogen from 
water to make DC electrical energy. Can 
provide a compact, safe, efficient source 
of energy for electricity, heat and water 
purification. About 40% efficient for power 
production.

Biopower Process of using plant and other organic 
matter (biomass) from agricultural or wood 
waste to generate electricity.

Hydroelectric Energy produced from moving water. Large 
dams may cause environmental damage. 
Small hydroelectric generators can be used 
with running water.

Wind power Large wind farms supply large amounts of 
power. Small residential windmill turbines are 
becoming more common.
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The hot wire immediately senses this path and releases its 
energy. If nothing impeded the current flow, most of that en-
ergy would go unused. An electrical device standing in the path 
between the hot and the neutral wire uses up virtually all the 
energy available in the hot wire, leaving little for the neutral wire 
to carry back to the source. This is why you are more likely to 
get a shock from touching the hot wire than the neutral one, 
even when current is flowing.

When you get a shock from a hot wire, your body can act 
like a neutral wire and complete the circuit to the ground you are 
standing on. This is because the earth itself is also an excellent 
path that leads back to the power source and closes the loop.

In fact, the electrical system uses the earth as an alternate 
path for safety purposes. The neutral wire is connected to the 
ground at the main service panel. From the main service panel, 
a wire goes to a copper‐coated steel rod driven deeply into the 
earth next to the building. All building wiring is grounded, so that 
unless you are in contact with damp ground either by touching 
it directly or through wires, metal pipes, or damp concrete in 
contact with the soil, you will not get a shock.

Your body is not as good an electrical path as a wire; your 
skin thickness, muscle, and other body parts make you a poor 
path for electrical current. Even so, your body is very vulnerable 
to electrical shocks. This is because shocks kill by stopping 
your heart. A steady beating heart relies on tiny electrochemi-
cal nerve pulses that carry a current in the range of .001 amps. 
Even a charge as small as .006 amps can shatter the hearts 
micro‐circuitry and disrupt its beating rhythm. Often the nerves 
can not stabilize quickly enough to restore the circuitry and 
save your life.

Fortunately, it takes a fairly high voltage to push a significant 
amount of current through us. Generally, you will not get a shock 
from circuits under 24 volts. Even within this range, however, a 
shock can disrupt the heartbeat of a person with a pacemaker.

The NEC has introduced three features that make electrical 
systems safer: the equipment ground, the ground fault circuit 
interrupter, and polarized plugs.

EquIPmEnt ground
An equipment grounding conductor is a bare or green‐in-
sulated third wire that does not ordinarily carry current. It is 
energized only momentarily when there is a fault between an un-
grounded conductor and metal electrical equipment that could 
cause a shock. Grounded equipment has a plug with a third 
prong that goes into the half‐round hole in an outlet.

Faulty equipment grounds are most likely to occur where 
vibration and other types of movement wear out a wire’s insu-
lation or break the wire itself. Old refrigerators and washing 
machines, which vibrate a lot, are typical culprits. So are lamps 
whose insulated cords harden as they age. When such leaks oc-
cur, a hot wire can be exposed or an entire metal appliance can 
be electrically charged. Such a fault could connect the metal 
case of the appliance with the electrical power circuit. If you 
touch the now electrified metal case and a ground, like a water 
pipe, you will get a nasty 120-volt shock. If your hands are wet 

grounding
Electrical circuits are grounded in the event that a faulty circuit 
allows electricity to travel an unintended route rather than re-
turning to its source. The grounding literally carries electricity 
into the ground rather than letting it travel other less desirable 
routes. (See Figure 15.13)

An electrical circuit has three wires. The hot wire, which is 
covered by black insulation (or any color but white, green or 
gray) runs side by side with the neutral and ground wires. The 
neutral wire has white or gray insulation. The ground wire is 
either bare copper or has green insulation. Homes built before 
1960 often do not have a ground wire.

The hot wire carries the electrical power generated by your 
local utility. It is always poised and waiting to deliver its charge 
from inside an outlet or behind a switch, but current will not flow 
and release its power until it has a way to get back to its source 
to close the loop of the circuit. The neutral wire closes the loop. 
When you throw a switch to turn on an electric device, you are 
essentially connecting the hot and neutral wires together and 
creating a circuit for electricity to flow.
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Figure 15.13 Grounding
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Electrical fire Safety
The National Electrical Code (NEC) of the National Fire Protec-
tion Association (NFPA) defines fundamental safety measures 
that must be followed in the selection, construction, and instal-
lation of all electrical equipment. All inspectors, electrical de-
signers, engineers, contractors, and operating personnel use 
the NEC. The NEC is incorporated into OSHA, the Occupational 
Safety and Health Act, and has the force of law.

UL establishes standards and tests and inspects electrical 
equipment. UL publishes lists of inspected and approved electri-
cal equipment. Many local codes state that only electrical mate-
rials bearing the UL label of approval are acceptable.

InSPEctIonS
An electrical permit is usually required when doing electrical 
work. It ensures that the work is reviewed with the local building 
inspector in respect to national and local code requirements.

Inspections are made to determine whether design, material, 
and installation techniques meet code requirements. Inspec-
tions are required after raceways have been installed (rough-
ing‐in) and before closing‐in of walls, and after the entire job 
is complete. Commissioning of electrical systems to Owner’s 
Project Requirements is recommended.

circuit Protection
Because the amperage available from the utility grid is almost 
unlimited, the electrical current in a 120-volt household system 
could easily melt all the wiring in your home. Special devices 
that limit current are located in the main service panel. If you 
open up the door of your electrical panel, you will find either 
fuses or circuit breakers (and sometimes both), each rated 
to withstand a certain amount of current, usually 15 amps. If the 
current exceeds the listed amount, the fuse will burn out (blow) 
or the breaker will trip, shutting off the current and protecting 
the wiring system from an overload. When this happens, it is a 
signal that you are trying to draw too much power through the 
wires.

Electrical service equipment such as the main service panel is 
described in Chapter 16, “Electrical Distribution.”

fuSES and cIrcuIt BrEakErS
Overloaded and short‐circuited currents can result in overheat-
ing and fires. Circuit protective devices include fuses and circuit 
breakers that protect insulation, wiring, switches, and other 
equipment from these dangers by providing an automatic way 
to open the circuit and break the flow of electricity. Overcurrent 
protective devices are designed to disconnect a circuit auto-
matically whenever the circuit reaches a predetermined value 
that would cause a dangerous temperature in a conductor due 
to a short circuit, excess current draw from too much load, or 

when you make contact, the resulting shock could be fatal. Con-
sequently, appliance manufacturers recommend that appliance 
cases be grounded to a cold water pipe and supplied with three‐
wire plugs. Two of the three wires connect to the appliance, and 
the third to the metal case.

The ground wire runs alongside the hot and neutral wires 
and is attached to the metal parts of electrical boxes, outlets, 
and electrical tools and appliances that could carry an electrical 
charge should a leak occur. The ground wire siphons off those 
leaks by providing a good path back to the main service panel, 
exactly like the neutral wire. Any leak that’s picked up by the 
ground wire will probably blow a fuse or trip a circuit breaker 
and shut the circuit down, signaling that you have a serious 
problem somewhere in the system.

To accept the three‐prong plugs that accommodate the 
ground wire and to provide a safe ground path, the NEC requires 
that all receptacles be of the grounding type, and that all wiring 
systems provide a ground path separate and distinct from the neu-
tral conductor. Electrical codes require that each 120-volt circuit 
have a system of grounding. This prevents shocks from contacts 
where electricity and conductive materials come together, includ-
ing parts of the electrical system like metal switches, junction and 
outlet boxes, and metal faceplates.

Where wiring travels through the building inside armored 
cable, metal conduit, or flexible metal conduit, the conductive 
metal enclosure forms the grounding system. When a metal 
enclosure is not used, a separate grounding wire must run 
with the circuit wires. Nonmetallic or flexible metallic wiring 
(Romex or BX) are required to have a separate grounding con-
ductor. Nonmetallic cable already has a bare grounding wire 
within it. Insulated grounding conductors must have a green 
covering.

Cable and conduit are covered more fully in Chapter 16, “Electri-
cal Distribution.”

Replacing old two‐slot outlets with the now‐standard three‐
slot, grounded types will allow a three‐prong cord to be plugged 
in anywhere may seem like a good solution. However, since old 
two‐wire systems do not have an equipment ground, the ground 
prong on the plug does not really go to ground. Installing a 
proper ground wire for these outlets is time consuming and 
costly, but if it’s not done, you have created the illusion of a 
grounded outlet that is not really safe.

Another way around the problem is the three‐prong/two‐
prong adapter, more popularly known as a cheater plug. The 
NEC accepts this device provided you insert the screw that at-
taches the cover plate through the equipment ground tab. This 
screw connects to the metal yoke, which in turn connects to 
the metal electrical box. However, unless the metal electrical 
box has been grounded to earth, this again only creates a false 
impression of a safe, grounded system. This false sense of se-
curity puts you one step closer to receiving a dangerous or even 
fatal shock.
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Circuit breakers are built to withstand momentary power surg-
es, but standard fuses are not. A time‐delay or slow‐blow fuse can 
help cope with brief surge demands when a circuit frequently blows 
a fuse, for example when an appliance such as a refrigerator or 
room air conditioner is turned on. Both plug and cartridge fuses 
are available in slow‐blow designs that safely allow temporary 
overloads. Whether a fuse or a circuit breaker is the better choice 
depends on the application and other technical considerations.

ground fault cIrcuIt IntErruPtErS
A ground‐fault circuit interrupter (GFCI) protects a person from a 
potentially dangerous shock. A GFCI is required in areas where 
any leaking electricity would cause extreme hazard, such as 
where it is possible to make contact with an electric ground in 
a bathroom, kitchen, or laundry, or where a standing surface 
is connected to the ground, as in a garage, basement, or out-
doors. A GFCI has a quicker and more sensitive response than 
a fuse or circuit beaker on a circuit. GFCI devices can be part 
of a circuit breaker or installed as a separate outlet. A GFCI can 
be located within the electrical device itself, the receptacle to 
which it is connected, a receptacle from which the connected 
receptacle derives its current, or as part of the circuit breaker.

If you leave a hair dryer with a frayed cord in a little spilled 
water that is in contact with a sink’s metal faucet, you risk ac-
cidentally touching an exposed hot wire in the cord while at the 
same time turning off the faucet with your other hand. Even 
though the dryer is turned off, an electric current can immedi-
ately flow from the cord, through your body, through the plumb-
ing system, and eventually to ground. It will not cause the circuit 
breakers or fuses in the main service panel to break the circuit, 
and the current will continue to flow through your body. A GFCI 
instantaneously senses misdirected electrical current and re-
acts within one‐fortieth of a second to shut off the circuit before 
a lethal dose of electricity escapes.

Another function of GFCIs is to detect small ground faults 
(current leaks) and to disconnect the power to the circuit or ap-
pliance. The current required to trip a circuit breaker is high, so 
small leaks of current can continue unnoticed until the danger 
of shock or fire is imminent.

GFCIs permit the easy identification of ground faults. If the 
GFCI senses any leakage of current from the circuit, it will dis-
connect the circuit instantly and completely. The GFCI does this 
by precisely comparing the current flowing in the hot and neu-
tral legs of the circuit. If the amount of current is different, it 
means that some current is leaking out of the circuit.

GFCIS do wear out from use, and need to be tested regular-
ly and replaced as necessary. It is recommended that you test 
your GFCIs every week and replace them immediately if they 
are not working properly. To make sure that GFCIs are working, 
manufacturers added the “test” and “reset” buttons that you 
see on them. (See Figure 15.16) Pushing the test button cre-
ates a small electrical fault, which the GFCI should sense and 
immediately react to by shutting off the circuit. The reset button 
restores the circuit. Repeated action by the GFCI to protect a 
leaking circuit will eventually wear out the GFCI.

a sudden surge in the power supply. Fuses and circuit breakers 
protect against this possibility by cutting off power to any cir-
cuit that is drawing excessive power.

The key element in a fuse is a strip of metal with a low 
melting point. When too much current flows the strip melts, or 
blows, thereby interrupting power in the circuit. When the fus-
ible strip of metal is installed in an insulated fiber tube, it is 
called a cartridge fuse. When encased in a porcelain cup, it is a 
plug fuse. (See Figure 15.14)

It is dangerous to replace a fuse with a higher‐rated fuse or a 
solid conducting metal piece.

A circuit breaker is an electromechanical device that per-
forms the same protective function as a fuse. (See Figure 15.15) 
It acts as a switch to protect and disconnect a circuit. A strip 
made of two different metals in the circuit breaker becomes 
a link in the circuit. Heat from an excessive current bends the 
metal strip, as the two metals expand at different rates. This 
trips a release that breaks the circuit. They frequently have sol-
id‐state electronic tripping control units that provide adjustable 
overload, short‐circuit, and ground fault protection.

Circuit breakers can be reset after each use, and can be 
used to manually switch the circuit off for maintenance work. 
Circuit breakers are easily installed as needed for various cir-
cuits in the building.

(a) Screw-in
(plug) fuse

(b) Cartridge
fuse

Figure 15.14 Fuses
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Figure 15.15 Circuit breakers
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cept for the massive surges caused by a direct lightning strike, 
and the best protection from that is to unplug your equipment.

Microprocessors found in computers and an increasing 
number of devices and home appliances are sensitive to power 
surges. Each microprocessor’s built‐in power supply converts 
120 volts of electricity to about 5 volts. Small changes in power, 
even a split‐second surge, can scramble the microprocessor’s 
electrical signals. A surge that slips past the power supply can 
destroy delicate chips and burn out circuits.

All computer installations, even the smallest home office, 
need to be protected from line transients with a surge sup-
pressor. (See Figure 15.17) Multitap plug‐in strips with built‐in 
surge suppressors are typically inadequate unless they meet 
specifications for surge current, clamping voltage, and surge‐
energy suitable for the particular installation. Major data pro-
cessing installations require additional types of treatment in-
cluding voltage regulators, electrical noise isolation, filtering, 
and suppression, and surge suppressors. Surge stations are 
large surge protectors that offer better voltage protection and 
power conditioning. An ordinary uninterruptable power sup-
ply (UPS) will provide a high level of protection, but you should 
still use a surge protector. A continuous UPS will give you a few 
minutes to save your work and shut down your computer.

We have now explored the basics of electrical systems. In 
Chapter 16, we look at how electricity is distributed through a 
building.

The NEC requires GFCIs in specific locations, including 
outdoors and in kitchens, where GFCIs are recommended for 
all appliance circuits. The NEC requires a GFCI in all bathroom 
receptacles. Most codes also require a minimum of one GFCI 
installed within 36″ (914 mm) of the outside edge of lavatory, 
located on a wall or partition adjacent to a lavatory basin, on a 
countertop (but not face up), or installed on the side or face of 
a basin cabinet not more than 12″ (305 mm) below the counter-
top. Verify requirements and placement with local codes.

ElEctronIc EquIPmEnt ProtEctIon
The sudden power increases called surges that momentarily 
disrupt a building’s steady power flow can destroy many of our 
electrical appliances and other devices. Electrical power can 
jump from its normal 120V up as high as 500V. Fortunately, 
most such surges are small and do not cause much damage, ex-

RESET

TEST

Figure 15.16 Ground fault circuit interrupter

Figure 15.17 Surge protector
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system transmits information via telephone, cable TV wires, or 
other separate data lines.

The electrical signal or communication system is addressed 
in Chapter 20, “Communications, Security, and Control Equip-
ment.”

Components of building electrical systems include service 
entrance equipment (transformers, service disconnect, fuses, 
circuit breakers, and meters), interior distribution equipment 
(conductors and raceways), and loads (lighting, motors, and 
miscellaneous outlet devices).

Electrical System Design Procedure
Electrical engineers start by making an electrical load estimate. 
With the local utility, they decide on the location and type of 
service entry equipment.

The electrical engineer, architect, interior designer, and 
other consultants work with the client to determine proposed 
electrical power usage and information about client‐furnished 
equipment. Early on, the engineers determine locations and 
sizes of electrical equipment spaces so that the architect can 
reserve appropriate spaces.

Lighting design and daylighting are parts of this design process, 
and are addressed in Chapter 17, “Lighting Systems.”

The electrical distribution system supplies power for lighting, 
heating, and operation of electrical equipment and appliances 
to a building. The design of the electrical distribution system 
has implications for both the architect and interior designer. The 
location of electrical equipment within the space affects both 
its function and appearance.

Even though the electrical system of a building is compact, 
flexible, mostly hidden, and small in actual size, it is still 
a concern for the architect. Besides allocating space for 
the electrical equipment, the architect must be aware of 
situations where the electrical system has aesthetic as 
well as functional impact.

Although wires and electrical boxes are small, they 
can be unsightly in open spaces and in situations where 
the structure is exposed unless the architect considers 
them in his or her design. It is especially important to 
address the difficult problem of providing power and 
communication outlets in open‐plan spaces. As always, 
difficulties are easier to address when anticipated, and 
problems are best avoided by thoughtful design. (Norbert 
Lechner, Plumbing, Electricity, Acoustics: Sustainable 
Design Methods for Architecture (3rd ed.), Wiley 2012, 
page 28)

IntroDuctIon
There are two separate electrical systems in most buildings. 
The electrical power system distributes electrical energy 
through the building. The electrical signal or communication 

16
Electrical Distribution



Electrical Distribution    |    289

hot conductors each supplying 115V or 120V, and one neutral 
conductor. The actual voltage supplied can vary between 115V 
and 125V within a given day.

In order to provide the amount of energy required at the 
location desired, and to do this safely, electrical conductors are 
isolated from the structure of the building except at the specific 
points, such as wall receptacles, where you want contact. This 
is accomplished by insulating the conductors and putting them 
in protective raceways.

The National Electrical Code (NEC) sets minimum standards 
for electrical design for construction. Minimum electric service 
for a single‐family residence is set at 100‐amp, 120/240V, sin-
gle phase, 3‐wire service.

The quality of the installation is the responsibility of the con-
tractor. The designer should be wary of equipment substitutions 
by the contractor, whose bid was submitted on the basis of the 
plans and specifications. The contractor should be required to 
supply the equipment that is specified.

Electrical Power Distribution Systems
Once the building is connected to the electrical power source, 
you need to locate the places where you want the electricity 
to be available and provide a way to turn it on and off safely. 
During the design of a building, the electrical engineer or electri-
cal contractor will design the circuiting and wiring. The interior 
designer should be familiar with the basic principles of power 
supply and distribution in order to be able to coordinate interior 
design issues with the rest of the design team. The interior de-
signer will also want to have a say in the appearance of cover 
plates and other visible electrical devices.

ovErhEaD anD unDErgrounD SErvIcE
The electrical power service from the utility line may come into 
the building either overhead or underground. The length of the 
service run and type of terrain as well as installation costs af-
fect the decision of which to use. Service voltage requirements 
and the size and nature of the electrical load also influence the 
choice. Other considerations include the importance of appear-
ance, local practices and ordinances, maintenance and reli-
ability criteria, weather conditions, and whether some type of 
inter‐building distribution is required.

In a large building, electrical power from the utility line is 
stepped down to building use levels by transformers. Controls 
and protection devices are installed at the main building switch-
board. From there, power goes directly to large equipment and 
also to distribution panels and individual lighting and appliance 
panels. It is at this point that branch circuit wiring carries electri-
cal power to its end uses. (See Figure 16.2)

SErvIcE EntrancE
Service equipment connects a building to the utility’s electrical 
service. The main service panel is usually located where the 
power line enters the building. In a residence, the service panel 

ElEctrIcal DrawIngS
The electrical system designer locates all electrical apparatus 
and equipment on drawings. Data‐processing and communica-
tions apparatus are also indicated on plans. The process in-
volves making decisions for control wiring and equipment. The 
engineers design circuits for all lighting devices and power 
equipment, compute panel loads, and prepare riser diagrams. 
They also check their work and coordinate the electrical work 
with other trades and the architectural plans.

Because the location of outlets and switches are depen-
dent on the layout of furniture and intended use of the room, 
they are often shown on the interior design drawings. Power re-
quirements and locations for special built‐in equipment are also 
usually indicated there. The information the interior designer 
supplies is integrated into the electrical engineer’s drawings. 
(See Figure 16.1)

The circuits for signal outlets for fire alarm, telephone and 
intercom, data and communication, radio and TV, and other 
equipment are not usually indicated on the floor plan, but on 
a separate power plan. Lighting fixture outlets are usually in-
cluded with wiring devices, unless this leads to a cluttered draw-
ing, in which case they are represented on their own drawing. 
Underfloor, under‐carpet, and over‐ceiling wiring and raceway 
systems are usually shown on a separate plan. Motors, heaters, 
and other fixed, permanently installed equipment are shown and 
identified on power plans. Equipment with a cord and plug is not 
usually represented, but receptacles for plug‐in equipment are 
shown and identified.

ElEctrIcal SErvIcE EquIPmEnt
Lines carrying electricity from the power company run from 
a transformer through the meter and into the main service 
panel. In smaller buildings, service is usually provided at 
230V or 240V. Most homes have three‐wire service, with two 

Figure 16.1 Typical electrical plan symbols
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to it in normal use. The rating is determined by the type and 
quantity of insulation used and the physical spacing between 
electrically energized parts.

BuIlDIng tranSformErS
As we have described earlier, a transformer is a device that trans-
forms alternating current (AC) of one voltage to AC of another 

is usually located in the basement or in a utility room. In larger 
buildings, it is usually mounted on a main switchboard near the 
entrance of the service conductors. It is the origin of the net-
work of wires carrying electrical current through a building.

Three wires run from the transformer to the building in small 
buildings. One is neutral, with no electrical potential existing 
between this wire and the ground. The neutral wire is connected 
to one or more long copper‐covered steel grounding rods driven 
into the soil near point where the wire enters building. The other 
two wires are hot. They have a potential of 230V between them, 
but only 115V between either one of them and the neutral wire.

The hot wires go through an electric meter before enter-
ing the building, which measures consumption in kilowatt‐hours 
(kWh). The three wires then enter the main service panel inside 
building.

The main disconnect (service) switch on the main ser-
vice panel disconnects normal service to the building. It must 
be in a readily accessible spot near where service enters build-
ing, and access to it must not be blocked. (See Figure 16.3)

The neutral wire is connected to the steel box housing the 
panel and to the copper or aluminum bar to which all building 
circuits are grounded. Each of the hot wires (black and red) 
is connected to a copper or aluminum bar fitted with connec-
tors for attaching circuit breakers. Breakers can be easily in-
stalled as needed to connect various circuits in building. Each 
breaker serves as an on/off switch for circuit maintenance and 
protection.

ElEctrIcal EquIPmEnt ratIngS
The rated voltage of an electrical equipment device is the 
maximum voltage that can safely be applied to a unit continu-
ously. It frequently, but not always, corresponds to the voltage 
applied in normal use. For example, an ordinary wall receptacle 
is normally rated at 250V maximum, but only 120V is applied 

Figure 16.2 Electrical power distribution system
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Figure 16.3 Electrical service 
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SwItchBoarDS anD SwItchgEar
A switchboard is a large, free-standing assembly of switches 
and fuses and/or circuit breakers that distributes the electricity 
from the utility service connection to the rest of the building. 
It distributes bulk power into smaller packages and provides 
overcurrent protection for that process.

Some switchboards are referred to as switchgear. There is 
no clear distinction between the terms switchboard and switch-
gear. Generally a switchboard has lower voltage, with large circuit 
breakers and high‐voltage (above 600V) referred to as switchgear.

Electricity is measured, controlled, and distributed in an 
electrical room by switchgear, then sent by feeder cables to 
lighting and power panels placed throughout the building. Pan-
els may be located in electrical closets, public spaces such as 
corridors, or utility rooms.

PanElBoarDS
A panelboard is an electrical panel, smaller scale than switch-
board but with the same function. It accepts a relatively large 
block of power and distributes it in smaller blocks. A panelboard 
comprises main buses to which are connected circuit break-
ers or fuses that feed smaller branch circuits. Small electrical 
panels, especially in residential work, are often referred to as 
load centers.

Panelboard components are mounted inside an open metal 
cabinet called a backbox, which has prefabricated knockouts at 
its top, bottom, and sides for conduits carrying circuit conduc-
tors. The backbox is closed with a protective front panel with 
an access door. (See Figure 16.5) Each fused switch or circuit 

voltage. A transformer is used when the building voltage is dif-
ferent from the service voltage. Step‐down transformers lower 
voltage, and step‐up transformers do the opposite.

A unit substation (transformer load center) is a single pack-
age combining an assembly of transformer‐related equipment 
that combines a step‐down transformer with complete switch-
board and meter(s). It transforms and distributes electrical en-
ergy to a lower voltage that can be utilized in facility.

mEtErIng
A watt‐hour electric meter measures and records the quantity 
of electric power consumed over time. (See Figure 16.4) It is 
supplied by the utility and placed ahead of the main discon-
nect switch so that it cannot be disconnected. Even with re-
mote readers, the meter must be available for inspection and 
service.

In single‐occupancy buildings or where the landlord pays for 
electrical service, there is one meter. For multitenant buildings, 
banks of meters are installed so that each unit is metered sepa-
rately. A single meter is not allowed in new multiple dwelling 
constructions by federal law, as tenants tend to waste energy 
when they do not have to pay for it directly.

Submetering shows how energy is used for different types 
of service or different tenants or customers. Submetering is 
desirable in apartment houses and rental office buildings, where 
individual accountability of energy usage encourages conserva-
tion efforts.

Smart meters can reduce peak electrical demands. They 
allow the utility to signal individual buildings to turn off non-
essential appliances such as hot water heaters during peak 
electrical demand.

Figure 16.4 Watt/hour meter

Figure 16.5 Electrical panelboard 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 11.33
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The electrical engineer is responsible for locating electrical 
closets, and their location will have implications for the interior 
designer’s space plan. Before asking an engineer to move an 
electrical closet, consider its vertical and horizontal location re-
quirements, with locations on outside walls or adjoining shafts, 
columns, and stairs being poor choices. Sufficient wall space 
for equipment is required, plus coordination with underfloor and 
over‐the‐ceiling raceway connections.

An electrical closet with a panelboard needs at least 4 feet (1.2 
m) clearance in front of the panel.

EnErgy conSErvatIon conSIDEratIonS
The selection of materials and equipment for a building’s electrical 
distribution system involves considerations that affect energy con-
servation. After setting the building’s energy budget, the engineers 
can choose to set an energy reduction goal of 10 to 20 percent.

Energy conservation methods for electrical distribution sys-
tems include providing electric load control (demand control) 
equipment and individual user metering in multitenant residen-
tial buildings. Using the highest available service voltages can 
lower line losses and result in smaller panelboards at the branch 
circuit level. Providing metering points throughout the system 
aids accurate analysis of energy use.

Other options for energy conservation include systems that 
conform to an ideal energy use curve automatically. Energy 
management control systems (EMCS) have microprocessor‐
based controllers that can be preprogrammed to automatically re-
schedule or disconnect electrical loads for demand management.

Engineers need a preliminary load estimate for planning trans-
former rooms, conduit chases, and electrical closets. A load‐con-
trol analysis can then be performed, which affects the maximum 
demand. This is done with or followed by a building energy con-
sumption analysis of electrical load types. (See Table 16.1)

breaker is connected to busbars of the panelboard and feeds 
outgoing branch circuit.

Panelboards must be surface-mounted on solid walls or 
structural columns, or recessed flush with a finished wall sur-
face. Lighting panels are often flush‐mounted in finished areas 
such as corridors. Lighting panels in two‐story‐high commercial 
spaces may be vertically stacked and recessed into a corridor 
wall. Buildings six and more stories high use an electrical closet 
to accommodate panel and riser conduits.

In residences, the service equipment and the building’s 
panelboard are combined in one unit. The panelboard is often 
located in the garage, a utility room, or the basement, as close 
to major electrical loads as feasible. Sometimes, an additional 
subpanel is added near the kitchen and laundry. In apartments, 
an electrical panel may be located in the kitchen or in an adja-
cent corridor, where it can be used as the code‐required means 
to disconnect most fixed appliances. In small commercial build-
ings, it may be recessed into a corridor wall.

The NEC specifies the minimum working space required in front 
of electrical equipment.

Panelboards are often labeled to identify the circuit or 
equipment served. Labels also may indicate area served, floor 
number, and abbreviation for a zone.

Intelligent panelboards are compact, centralized pro-
grammable microprocessors that provide electrical load control 
and switching functions directly within the panelboard, eliminat-
ing external devices and the associated wiring. The intelligent 
panelboard can also accept signal data from individual remote 
or network sources, and provide status reports, alarm signals, 
operational logs, and local by‐pass and override functions.

ElEctrIcal cloSEtS anD SPacES
Any building much larger than a residence must provide hori-
zontal and vertical spaces for conduits, bus ducts, panels, and 
communications wiring, plus maintenance access for electri-
cians through doors, hatches, and removable panels. In large 
buildings, electrical closets contain branch circuit panelboards, 
submetering equipment, or small transformers.

In multistory buildings, electrical closets are vertically 
stacked above one another and located to avoid blocking 
horizontal conduits. They should not have other utilities like 
piping or ducts running through them either horizontally or ver-
tically. Electrical closets contain space for panels, switches, 
transformers, telephone cabinets, and communications equip-
ment. Floor slots or sleeves allow conduits and risers to pass 
through from other floors. The electrical closet must have 
space, lighting, and ventilation for the electrician to work on 
installations and repairs. Electrical closets and cabinets must 
be fire‐rated, as they are common places for fires to start, and 
they should not be located next to stairwells or other main 
means of egress.

TablE 16.1 ElECTrICal load TypES
load Type description

Lighting Often the greatest load

Miscellaneous 
equipment

Data processing, computers, and 
peripherals; convenience outlets, 
plug‐in heaters, water fountains, other 
electrical power users

HVAC and plumbing 
equipment

Electrical motors and switches

Transportation 
equipment

Elevators, escalators, material handling 
equipment, dumbwaiters, trash and 
linen systems

Kitchen equipment In restaurants, hospitals, offices, 
educational buildings

Special loads Laboratory equipment, shop loads, 
display areas and windows, flood lighting, 
canopy heaters, industrial processes
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circuit attaches to one or both hot bus bars via fuses or circuit 
breakers.

Each 120V branch circuit has one hot and one neutral 
conductor. The hot conductor originates at the branch circuit 
overcurrent protective device (fuse or circuit breaker). A 240V 
circuit uses both hot conductors, and originates at a branch 
overcurrent protective device connected to both hot bus bars.

All the neutral conductors are in direct electrical contact 
with the earth through a grounding conductor at the neutral bus 
bar of the service entrance panel. An overcurrent protective de-
vice never interrupts the neutral conductors, so that the ground 
is maintained at all times. The effect of this arrangement is that 
each branch circuit takes off from an overcurrent protective 
device and returns to the neutral bus bar.

In order to decide how many branch circuits to specify and 
where they should run, the electrical system designer takes 
into account the variety of different loads. (See Fgiure 16.6) 
Once the electrical power requirements of various areas of the 
building are determined, the electrical engineer lays out wir-
ing circuits to distribute power to points of use. Each circuit is 
sized according to the amount of load it must carry, with about 
20 percent of its capacity reserved for flexibility, expansion, 
and safety. To avoid excessive drops in voltage, branch circuits 
should be limited to less than 100 feet (30.5 meters) in length.

Electrical engineers may need specific information about 
lighting fixtures, appliances, and other equipment from the in-
terior designer to lay out branch circuits. The client may have 
preferences about which equipment shares a given branch 
circuit. Manufacturers specify load requirements for lighting 
fixtures and electrically powered appliances and equipment, 
and the interior designer may be responsible for getting these 

IntErIor DIStrIButIon
Electricity must have a complete circuit from its source, through 
a device, and back to the source. Interrupting the circuit, as with 
a switch, stops the flow around the circuit’s loop. When an ap-
pliance is turned on, AC electricity flows both ways in the loop, 
changing direction 60 times a second (60 cycles, or 60 hertz).

Circuits are introduced in Chapter 15, “Electrical System Basics.”

In a simple single‐family dwelling system, branch circuits 
spread out directly from the service entrance. Buildings with larg-
er capacity and larger number of loads distribute feeders from 
the service entrance to subpanels located nearer to the loads.

Feeders typically lead to local distribution points from which 
smaller capacity circuits branch out. They generally extend as 
near as possible to the center of the area served to minimize 
the length of branch circuits. Home runs (the distance from the 
first outlet on a circuit to the panelboard) are kept short to mini-
mize voltage drops, preferably to less than 100 feet (30.5 m).

Branch circuits
branch circuits carry the electrical power throughout the 
building to the places where it will be used. After passing 
through the main service disconnect, each hot conductor wire 
connects to one of the metal bus bars that conduct electricity 
within a switchboard. They accept the amount of current permit-
ted by the main fuses or circuit breaker, and allow the circuit to 
be divided into smaller units for branch circuits. Each branch 

Figure 16.6 branch circuits 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior Design Illustrated (3rd ed.), Wiley, 2012, p. 239
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Public areas and corridors in schools require heavy‐duty de-
vices and key‐operated switches, plastic rather than glass light-
ing fixtures, and vandal-proof equipment wherever possible. 
All electrical panels must be locked, and should be in locked 
closets.

Electrical wiring and Distribution
Conductors extend from the circuit breaker boxes to individual 
switches, lights, and outlets. Conductors are rated in amps for 
their capacity to carry current. Conductors are surrounded by 
insulation that provides electrical isolation and physical protec-
tion. A jacket over the insulation gives added physical protec-
tion. Conductor ampacity (capacity in amperes) increases 
with increasing conductor size and the maximum permissible 
temperature of the insulation protecting the conductor.

Copper conductors are usually used for small- and medium- 
sized cable, which can be run through smaller conduits where 
weight is not a problem. Aluminum is lighter than copper, reduc-
ing labor expenses. However, aluminum cables are difficult to 
splice and terminate, as joints tend to loosen and aluminum 
oxide, an adhesive, poorly conductive film that that rapidly 
forms on any exposed aluminum surface, must be removed and 
prevented from reforming to make long‐lasting joints. Aluminum 
wiring in residential use can create problems when wiring devic-
es are replaced by unskilled homeowners. Consequently, some 
US jurisdictions have banned aluminum in branch circuitry.

The NEC establishes the basic requirements for electrical 
circuits. Circuit conductor size is based on acceptable ampac-
ity. Smaller conductor sizes are usually copper wire.

wIrIng SIzIng
Current flowing through a wire produces resistance, which gen-
erates heat. The more resistance, the more heat is produced. As 
the amount of current increases, wire size must also increase. 
The circuit breaker or fuse in each circuit limits current to the 
rated ampacity of the wiring for that circuit.

specifications to the engineer. The design load for a general‐
purpose circuit depends on the number of receptacles served 
by the circuit, and on how the receptacles are used.

Branch circuits with multiple general‐purpose‐type 20A out-
lets or multiple appliance‐type outlets have a maximum 50A 
capacity. Single‐type outlets for specific pieces of equipment 
may be 200A to 300A, depending upon the equipment needs. A 
branch circuit may supply a single large load such as a motor or 
heating element, or serve a group of smaller devices. Limiting 
circuit loads on 15A and 20A circuits allows for building load 
expansion.

Lighting, convenience receptacles, and appliances should 
each be grouped on separate circuits. Audio equipment may 
need to be on the same ground as the room it is serving, to 
avoid interference problems. Similarly, dimmers may need to be 
shielded to protect sensitive electronic equipment.

Circuits are arranged so that each space has parts of dif-
ferent circuits in it. If receptacles within a space are located on 
more than one circuit, the loss of one circuit will not eliminate 
all power to the space.

Branch circuit distribution panels may be shallow enough 
to install flush in stud partitions. In large installations, electrical 
closets contain branch circuit panelboards.

cIrcuIt DESIgn guIDElInES
The layout of the branch circuits, feeders, and panels is designed 
for flexibility in accommodating all probable patterns, arrange-
ments, and locations of electrical loads. Laboratories, research 
facilities, and small educational buildings require much more flex-
ibility than residential, office, and fixed‐purpose industrial installa-
tions. With the rapid changes in wireless equipment, it can be dif-
ficult to anticipate future uses and requirements. Overly specific 
designs waste money and resources, both during initial installa-
tion and in operation.

In addition to making sure that the electrical design is com-
pliant with applicable codes, the system designer must prevent 
electrical safety hazards in the event of misuse, abuse, or failure 
of equipment. Large equipment may obstruct access spaces, 
passages, closets and walls with electrical equipment. Doors to 
rooms with electrical equipment should open out, so that a work-
er cannot fall against a door and prevent rescue in an emergency. 
In some buildings, lightning protection is also a safety issue.

Basic quantities of convenience receptacles (outlets) for of-
fices are allotted per square foot. (See Table 16.2) Additional 
receptacles are provided for computers and other equipment.

In a retail store, locations and quantities of convenience out-
lets are determined by the type of store and their anticipated 
uses. At least one convenience outlet should be provided for 
every 300 square feet (28 m2), plus outlets for lamps, show 
windows, and demonstration appliances.

Schools generally need 20A outlets wired two per circuit at the 
front and back of each classroom for audiovisual (AV) equipment. 
Side walls also need similar outlets, wired six to eight per circuit. 
Appropriate receptacles should be provided for special equipment 
in school laboratories and shops, and for cooking equipment.

TablE 16.2 oFFICE ConvEnIEnCE ouTlET 
rEquIrEMEnTS
office Type (sf = square 
feet, m2 = square 
meters)

receptacles per square 
foot. Wall length in linear 
feet (lf)

Offices less than 400 sf 
(37 m2)

One per 40 sf (3.7 m2) or 
one per 10 lf (3 m) of wall, 
whichever is greater

Larger offices One per 100 to 125 sf (9.3 
to 11.6 m2) up to 6 to a 20A 
branch circuit

Each computer terminal One 20A duplex receptacle at 
each desk

Office corridors One 20A, 120V outlet each 
50 lf (15.3 m) for cleaning and 
waxing machines
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16.3) Romex cables are easier to handle but more vulnerable to 
physical damage than BX cables. (See Figures 16.7 and 16.8) 
BX cable is often used to connect fluorescent lighting fixtures 
in suspended ceiling grids to allow for flexibility in relocation. 
Its use may be restricted in some jurisdictions even where the 
NEC allows it.

InSulatED caBlES In racEwayS
A raceway is any channel for supporting and protecting conduc-
tors. (See Table 16.4) In commercial, industrial, and institutional 
buildings, running conductors in a raceway makes frequent re-
placements easier and less expensive.

All types of facilities use insulated conductors in closed 
raceways. The raceway is generally installed first, with wiring 
pulled in or laid in later. The layout of raceways should be visu-
ally coordinated with the physical elements of the space.

An open raceway (cable tray) provides continuous open sup-
port for approved cables. Insulated cables in open raceways 
are used in industrial applications, and rely on the cable and 
tray for safety.

Individual floor raceways are sometimes installed to get 
power for computers, telephone lines, and other equipment at 
locations in open plan offices away from the structure. They 
may involve labor‐intensive processes such as channeling the 
concrete floor, installing conduit in the opening (or chase), con-
necting the wiring to the nearest wall outlet, and patching the 
chase. Wireless communications are having a major impact on 
the use of floor raceways.

Metal or plastic underfloor raceways can be added onto the 
building structure and covered with concrete fill. The raceway is 
generally installed first, with wiring pulled in or laid in later. They 
are expensive, and today their use is limited to facilities where 
other alternatives are not available.

american wire gauge (aWG) is the US wire and cable 
industry standard for round cross‐section conductors. A larger 
AWG number indicates a smaller size. A single conductor No. 
8 AWG and smaller is termed a wire. Outside the United States, 
conductor sizes are simply given by their diameter in millimeters.

A cable is a single insulating conductor No. 6 AWG or larger, 
or several conductors of any size twisted together to give more 
carrying capacity and more flexibility. Smaller (usually 16 AWG) 
cable is also used for appliance power cords.

As indicated previously, a conductor’s ampacity is its cur-
rent‐carrying capacity, determined by the maximum safe op-
erating temperature of the insulation used on conductor. It is 
standard practice to install larger ampacity conductors (which 
are also more efficient) in an electrical system to accommodate 
future loads as this is more difficult to do once walls, ceilings, 
and floors are finished.

Interior wiring Systems
Interior wiring systems use cables and raceways to distribute 
and protect wiring. Cables are almost always used for residen-
tial wiring due to easy installation and lower cost. Conductors 
and enclosures are also combined in manufactured assemblies.

Insulated conductors for general wiring are called building 
wire. They usually consist of a copper conductor covered with 
insulation and sometimes a protective jacket.

As an interior designer, you may find yourself involved in 
discussions about the type of electrical cables that can be run 
in a project. Be aware that the type of cable that is permitted 
has a very significant effect on the cost of the electrical work.

ExPoSED InSulatED caBlES
Exposed insulated cable types include NM (romex®) and AC 
(bX armored cable), along with some other types with their 
own electrical insulation and mechanical protection. (See Table 

TablE 16.3 EXpoSEd InSulaTEd CablE TypES
Cable Type description

Flexible armored cable 
(type AC); smaller sizes 
known by trade name 
BX

Assembly of insulated wires bound 
together and enclosed in protective 
spiral‐wound interlocking steel tape 
armor. Residences, rewiring existing 
buildings; dry locations. Generally 
restricted to dry locations.

Armored or 
nonmetallic sheathed 
cable NM and NMC 
(Romex®)

Plastic outer jacket for NM. NEC 
limits use to residential one‐ and 
two‐family dwellings not over three 
floors in height; typically wood 
frame buildings.

Metal‐clad (MC) cable Exposed or in cable trays. With 
moisture‐proof jacket, in wet and 
outdoor locations. Similar to BX, 
with additional green ground wire.

Figure 16.7 armored bX cable 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 11.34

Spiral metal armor

Grounding wire
Insulation

Figure 16.8 nonmetallic sheathed romex cable 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 11.34

NM  12/2 WITH GROUND  600V
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to be concealed. They are usually located in equipment rooms 
or industrial applications.

PrEfaBrIcatED aSSEmBlIES
Prefabricated assemblies encompass light‐duty plug‐in busway 
along with flat‐cable assemblies and lighting track. Prefabricat-
ed assemblies act as branch circuit plug‐in electrical feeders.

Flat cable assemblies allow lights, small motors, unit 
heaters, and other equipment to be served without hard wiring. 
(See Table 16.6)  The assembly consists of two to four conduc-
tors field installed in a rigidly mounted square structural chan-
nel. Power‐tap devices are installed as required, and connect to 
the device directly or to an outlet box with a receptacle.

Flat cable layouts are separate and distinct from the wire 
and conduit system, and are usually shown on a separate elec-
tric plan. Factory‐assembled flat cable is approved for floor 
installation only under carpet squares, with accessories to con-
nect to 120V power outlets. (See Figure 16.10)

Electrical fittings that poke through the floor are wired from 
underneath with power, telephone, signal, and data cables. The 
NEC requires that electrical penetrations in fire‐rated floors, 
walls, ceilings, and partitions maintain their fire ratings, so 
newer poke‐through fittings have been developed to preserve 
the fire rating.

comBInED conDuctorS anD EncloSurES
Combined conductors and enclosures include all types of fac-
tory prepared and constructed integral assemblies of conduc-
tor and enclosure. They include all types of busway, busduct, 
and cablebus, as well as flat cable, and manufactured wiring 
systems. (See Table 16.5)

The terms busway and busduct are often used inter-
changeably for assemblies of copper or aluminum bars in a rigid 
metallic housing. (See Figure 16.9) They are preferred when it is 
necessary to carry large amount of current that can be tapped 
at frequent intervals along its length. Light duty busduct or bus-
way is used for feeder or branch circuits. Connections can be 
changed easily. The NEC does not allow busways and busducts 

TablE 16.4 raCEWay InSTallaTIonS
raceway Types Installation

Surface raceways, including conduit and wireways 
suspended above

Attached to structure, used for electrical additions where concealed 
raceway is too costly or difficult to install.

Conduit in floor slab or underfloor duct buried in 
structure

Parallel metal plastic raceways on concrete slab, covered with concrete fill. 
Used with under‐carpet wiring.

Cellular metal floors as integrated structural/
electrical system

Fully accessible floor partially or completely electrified. Separate floor cells 
and header ducts for electric power, data‐transmission wiring, and phone/
signal systems.

Cellular concrete floor raceways as integrated 
structural/electrical system

Channel wiring through cells, voids for versatile layout of partitions, furniture 
in open plans, exhibit halls, merchandising areas. Floor finish options limited 
to exposed metal cover plates or carpet tiles.

Ceiling raceways Wiring for lighting, power, telephones, outlets for floor above. Used with 
suspended tile ceiling, power poles.

TablE 16.5 buSWay, buSduCT, CablEbuS and 
buSbar
Type application Example

Busduct Copper or aluminum bars assembled in a rigid 
metallic housing. Feeder busduct has no plug‐ins. 
Used to carry large amounts of current.

Light duty 
busway

Copper or aluminum bars in rigid metallic housing. 
Frequent taps into conductor along length. Plug‐in 
light duty busway used for direct connection of 
light machinery and industrial lighting.

Cablebus Uses insulated cables instead of busbars, rigidly 
mounted in open space‐frame. Open mounting 
may have higher rating, but difficult to make taps.

Busbar Used when many wires must be connected to 
each other.

Figure 16.9 busduct

Conductors
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Conduit is sometimes exposed in renovation and addition proj-
ects to avoid the cost of cutting and patching finished surfaces.

full access floors and wiring
Underfloor delivery of power, data, and telecommunications 
services is becoming a much more cost‐effective option for 

Lighting track may be used only to feed lighting fixtures. Taps 
to feed convenience receptacles are not permitted.

conDuIt
Individual wires are run in protective conduits. Conduit is re-
quired for fire‐resistant construction; this may affect the interior 
designer’s decision to remove a suspended ceiling and expose 
the wiring and other equipment above, as the cost of rewir-
ing into conduit can be substantial. Wires are installed in the 
conduits after the conduit system has been inspected and 
approved.

Today, electrical conduit may be required for all electric wir-
ing in nonresidential occupancies. It may also be required in a 
single‐family residence within the occupied zone where wiring is 
exposed (rather than behind finished construction such as gyp-
sum wallboard). There are various types of conduit, including 
RMC, IMC, EMT, and Greenfield among others. (See Table 16.7 
and Figure 6.11) Conduit may also be buried in a floor slab, ex-
posed on a wall surface, or hung from a ceiling.

TablE 16.6 FlaT CablE aSSEMblIES
Type description

Under‐carpet wiring: 
Flat conductor cable 
(NEC type FCC)

Small factory‐assembled flat 
cable with 3 or more flat copper 
conductors enclosed in insulation 
and grounded with a metal shield. 
Also requires bottom shield, usually 
heavy PVC or metal.

Over‐the‐ceiling flat 
cable assemblies

For lighting power, electrical power, 
and telephone; can provide outlets 
for floor above. Typically used with 
lift‐out suspended ceiling panels.

Lighting track Flat cable assembly with conductors 
for 1 to 4 circuits permanently 
installed in the track. Tap‐off devices 
carry power to attached lighting 
fixtures anywhere along the track.

TablE 16.7 ConduIT TypES
Type description

Rigid metal conduit 
(RMC)

Metal conduit, usually steel. 
Protects enclosed wiring from 
damage, provides ground, supports 
conductors.

Intermediate metal 
conduit (IMC)

Steel tubing heavier than EMT but 
lighter then RMC; may be threaded.

Electrical metallic 
tubing (EMT)

Thin‐wall conduit commonly used 
instead of galvanized rigid conduit in 
commercial and industrial buildings. 
Usually steel, may be aluminum.

Flexible metal conduit: 
Greenfield and BX

Interlocked, spiral‐wound steel 
tape. NEC limits use, but used for 
equipment connections and around 
obstacles. Liquid tight available.

Greenfield is empty conduit, wires 
pulled through later.

BX includes insulated wires.

Rigid nonmetallic 
conduit

PVC or other material. Moisture 
resistance, lightweight, easy 
to install. Used in low hazard 
installations, often underground, 
sometimes flexible.

Figure 16.10 Flat cable

Carpet squares

Covering 
tape

Grounded
copper 
topshield

Bottom
abrasion shield

Conductors
and insulation (a) Rigid metal conduit

(b) Electrical metallic tubing

(c) Flexible metal conduit

Figure 16.11 Conduit 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 11.34
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dangerous shocks or cause fires, and can be run through the 
building without cable or conduit.

See Chapter 20, “Communications, Security, and Control Equip-
ment,” for more information on communications wiring.

Low‐voltage switching is used when a central control 
point is desired from which all switching may take place. The 
low‐voltage switches control relays that do the actual switching 
at the service outlets.

Power line carrier Systems
Adding sophisticated building management controls to an exist-
ing building would be very expensive if all new wiring had to be 
installed. power line carrier (plC) systems use existing or 
new electrical power wiring as conductors to carry control sig-
nals for energy management controls in existing large, complex 
facilities. Low-voltage, high-frequency control signals are inject-
ed into the power wiring. Only receivers tuned to a particular 
code react to the signals. In residential use, the control signal 
generator can be a small manually programmed controller. In 
commercial facilities, computers operate an energy manage-
ment or lighting controller.

Most PLC receivers are designed to fit into an ordinary wir-
ing device box. Control signals carried over the power wiring 
can be attenuated by problems with connections, grounds, and 
faulty insulation. Interference from radio noise generated by 
faulty power equipment or improperly shielded grounded elec-
tronic equipment can frequently be overcome.

Electrical Emergency Systems
Most buildings except for single‐family homes and a few other 
small building types are required by code to have emergency 
energy sources to operate lighting for means of egress, exit 
signs, automatic door locks, and other equipment in an emer-
gency. Emergency systems supply power to equipment that is 
essential to human life safety on the interruption of the normal 
supply.

Emergency power can be provided by batteries or by on‐
site generators. Larger installations of batteries are used in 
an uninterruptible power system (UPS) to provide reliability for 
computer facilities, microprocessor‐based demand controllers, 
and wherever a momentary power interruption could be a disas-
ter. The UPS filters out any aberrations in the power supply and 
keeps batteries charged continuously.

There are three classes of systems: emergency, legally re-
quired standby, and optional required standby systems. (See 
Table 16.8) Possible emergency power supply arrangements 
depend on the requirements of local codes; this also applies to 
standby systems.

many offices, both because of the greater ease with which 
wires and cables can be distributed and the flexibility that full 
access floors permit. The system allows rapid and complete 
access to an underfloor plenum. Full access floors provide 
space for both air supply and cabling. Electrical conduits, 
junction boxes, and cabling are run below the full access 
flooring panels for computer, security and communications 
systems.

Usually, lightweight die cast aluminum panels are supported 
on a network of adjustable steel or aluminum pedestals. The 
panels are typically 24" (610 mm) but vary in size, typically be-
tween 18" and 36" (457 and 914 mm), and the floor depth is 
normally between 12" and 24" (305 and 610 mm. Without air 
requirements, where the floor is primarily used for cabling, the 
pedestals can be as short as 4" (102 mm).

The panels are made of steel, aluminum, or a wood core 
encased in steel or aluminum, or of lightweight reinforced con-
crete. They are finished with carpet tile, resilient tile, or high‐
pressure laminates. Fire‐rated and electrostatic‐discharge‐con-
trol coverings are also available. Seismic pedestals are avail-
able to meet building code requirements.

The construction is usually completely fire‐resistant. The ceil-
ing height must be adequate to accommodate the raised floor. 
Raised floors may require steps or ramps for level changes.

Access flooring systems are used in spaces with heavy 
cabling requirements, especially where frequent recabling 
and reconnection are required. They provide accessibility 
and flexibility in the placement of desks, workstations, and 
equipment. Equipment can be moved and reconnected fairly 
easily with modular wiring systems, which also cut down on 
labor costs.

Underfloor air distribution (UFAD) systems use the space 
under the flooring panels as a plenum to distribute HVAC air 
supply. Ducts for conditioned air can also run beneath the floor. 
By separating the cool supply air from the warm return air, the 
system helps reduce energy consumption.

See Chapter 14, “Heating and Cooling,” for more information on 
underfloor air distribution (UFAD) systems.

low‐voltage wiring
Low‐voltage circuits carry alternating current below 50V, sup-
plied by a step‐down transformer from the normal line volt-
age. These circuits are used in residential systems to control 
doorbells, intercoms, heating and cooling systems, and remote 
lighting fixtures. Most telephone and communication wiring is 
low voltage, with the current provided by the communications 
company.

Low‐voltage wiring is usually 12V to 14V, and is used for 
thermostat circuits and for switching of complex lighting cir-
cuits or remote‐control panels. Low voltage wiring cannot give 
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See also Chapter 20, “Communications, Security, and Control 
Equipment,” for more information on wireless systems.

ElEctrIcal DESIgn for 
rESIDEncES
Residential electrical requirements are set by NFPA 70A— 
Electrical Code for One & Two Family Dwellings, which estab-
lishes the distances for electrical outlets and mandates the use 
of ground fault circuit interrupters (GFCIs) in certain locations. 
Ranges and ovens, open‐top gas broiler units, clothes dryers, 
and water heaters have their own specific code requirements 
or standards.

Codes as well as manufacturers’ instructions may not permit 
electrical outlets to be installed directly above baseboard heat-
ing units. Verify requirements with local authorities.

The service equipment and building panelboard for a pri-
vate residence is usually single unit. The main disconnect is 
usually the main switch or breaker of the panel. In a residence, 
the electrical panel is normally located in the garage, utility 
room, or basement, and placed as close to major electrical 
loads as practical to minimize the voltage drop. A smaller 
subpanel frequently feeds from the main panel to kitchen and 
laundry loads.

In apartments, electrical panels are usually located in the 
kitchen or a corridor immediately adjoining it, so that the pan-
el circuit breaker can act as the NEC‐required disconnecting 
means for most fixed appliances.

residential code requirements
The NEC requires that no point on a residential wall be greater 
than 6 feet (1.8 m) from an electrical receptacle, so outlets 
are placed about 12 feet (3.7 m) on center. Where a doorway 
or other obstruction occurs, the receptacle is located within 6 
feet (1.8 m) of either side of it. This arrangement results in a 
minimum of four receptacles, one on each wall.

EmErgEncy SyStEm coDES
The determination as to whether an emergency system is re-
quired is made by the applicable jurisdictional authorities, usu-
ally as a response to the requirements of NFPA 101. Equipment 
and installation must comply with NEC requirements. Relevant 
National Fire Protection Association (NFPA) codes include:

 ● NFPA 70 National Electric Code
 ● NFPA 99 Standard for Health Care Facilities
 ● NFPA 101 Life Safety Code
 ● NFPA 110 Standard for Emergency and Standby Power 

Systems
 ● NFPA 111 Standard on Stored Electrical Energy Emergency 

and Standby Power Systems

EmErgEncy lIghtIng
Emergency lighting systems illuminate areas of assembly to 
permit safe exiting and prevent panic. Codes require that arti-
ficial lighting must be present in all exit discharges any time a 
building is in use, with exceptions for residential occupancies.

See Chapter 17, “Lighting Systems,” for more information on 
emergency lighting.

wIrElESS SyStEmS
Wireless systems eliminate the need to connect lights, fans, 
and other equipment directly to the building’s hard wiring. Wire-
less systems are widely used for telephone and computer data 
transmission, and also for building control switching.

Wireless communication transfers information between two 
or more points using electromagnetic energy, most commonly 
radio waves. Each switch and sensor has a small transmitter 
that sends a radio‐frequency signal to the device it controls and 
to an area controller, all of which have radio receivers (detec-
tors). Sensors can be powered by replaceable batteries, light 
falling on photocells, or thermal energy. Wireless switches can 
also be controlled by throwing or pushing a switch. Existing 
switches can be replaced by wireless switches operated by re-
mote sensors.

TablE 16.8 EMErGEnCy SySTEMS
System Code reference description

Emergency systems NEC Article 700 Essential to human safety, such as lighting for emergency egress, power for 
elevators, fire alarm systems, and fire pumps.

Legally required standby 
systems

NEC Article 701 Provide power as for emergency systems, but does not involve immediate 
danger to human life. Firefighting systems, health hazard controls, long‐term 
rescue operations.

Optional required 
standby systems

NEC Article 702 Intended to minimize cost and meet project requirements established by 
owner/operator.
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rESIDEntIal cIrcuIt guIDElInES
Lay out convenience receptacles so no point on wall is more 
than 6 feet (1.8 m) from an outlet. Use 20A, grounding‐type 
receptacles only. Do not combine receptacles and switches into 
a single outlet except where convenience of use dictates high 
mounting of receptacles.

Circuit lighting and receptacles so each room, including 
basements and garages, has parts of at least two circuits. Avoid 
placing all lighting in a building on a single circuit. In rooms 
without overhead lighting, provide switch control for one‐half 
of a strategically placed receptacle for a lamp. Provide switch 
control for closet lights, rather than cheaper but bothersome 
pull chains.

Individual circuits should be planned for electric resis-
tance heaters or electric floor heaters. Wiring also needs to be 
planned for ceiling heaters and ventilation systems.

Countertop outlet spacing is intended to allow small ap-
pliances to be plugged in with short cords, and to discourage 
the use of extension cords. The NEC requires a minimum of 
two 20A miscellaneous appliance branch circuits to feed all 
receptacle outlets in kitchen, pantry, breakfast, and/or dining 

residential Branch circuits
For residential work, it is important for the designer to determine 
the size of the electric service and the number of circuits that the 
service will support. Residential receptacles can be shown on an 
electrical power plan. (See Figure 16.12) Many existing homes 
have service between 60A and 100A, where 200A service may 
be more appropriate. The electrician can evaluate the service, 
and it should be stamped on the fuse box or circuit breaker panel.

The number of branch circuits required for a residence, 
including an allowance for expansion, can be estimated by al-
lotting one 15A circuit per 400 to 480 square feet (37 to 45 
square meters), or one 20 A circuit per 530 to 640 square feet 
(49 to 60 square meters), plus an allowance for expansion, with 
more branch circuits provided as needed. A rule of thumb for 
receptacle circuits is 12 receptacles for a 15‐amp circuit and 16 
receptacles for a 30‐amp circuit.

Interior design residential power plans are frequently left uncir-
cuited with outlets shown for information.

Figure 16.12 Typical residential electrical power plan 
Source: Redrawn from Walter T. Grondzik and Alison g. Kwok, Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 1364
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room and similar areas, and only these outlets; all are poten-
tial appliance outlets and must be fed and circuited as such. 
Permanently installed appliances such as a garbage disposer, 
dishwasher, or fan hood may not be connected to these cir-
cuits. All kitchen outlets intended to serve countertop areas 
must be fed from at least two of these appliance circuits, so 
that not all countertop workspace will be de‐energized by fail-
ure of a single circuit.

All countertop convenience outlets must be of the GFCI type. 
GFCI outlets were formerly only required when located within 6 
feet (0.5 m) of the sink.

The NEC requires that two additional 20‐amp circuits that 
do not serve any other areas be dedicated for kitchen counter-
tops, and spaced so that no point along the wall line is more 
than two feet (610 mm) measured horizontally from a recep-
tacle. The length of the counter occupied by a sink or range 
is not included. Receptacles are required to be located above 
countertops by a maximum of 20" (508 mm). Any kitchen island 
or peninsular countertop greater than 24" wide by 12" deep (610 
by 305 mm) is required to have at least one electrical recep-
tacle. (See Table 16.9 and Figure 16.13)

TablE 16.9 rESIdEnTIal branCH CIrCuIT dESIGn GuIdElInES
Spaces Guidelines

Kitchen (see text also) Provide readily accessible means to disconnect electric ranges, cooktops, and ovens 
within sight, often with small panel recessed in kitchen wall.

120V circuits for garbage disposer, dishwasher, microwave oven, refrigerator, exhaust fans.

240V circuits for range, cooktop, on‐demand water heaters, wall ovens.

Workshop spaces (garage, utility 
room, basement)

20A receptacles on 20A circuits with no more than four such receptacles per circuit. Must 
be GFCI type, with some NEC exceptions.

Bedroom Additional circuit for window air conditioner similar to appliance circuits for one outlet in 
each bedroom without central air conditioning.

Two duplex outlets either side of likely bed location for electric blankets, clocks, radios, 
lamps, etc.

Home office (study and workroom 
or large bedroom)

Equip to double as home office. Minimum six duplex 15A or 20A receptacles on at least 
two different circuits with adequate surge protection. 2 of these receptacles with separate 
insulated and isolated ground wire for isolated ground (IG) receptacles. Two phone jacks.

Laundry NEC requires minimum one 20A appliance circuit to supply only laundry outlets. Where 
electric clothes dryer anticipated, distinct individual branch circuit to serve this load via 
heavy‐duty receptacle.

Bathroom At least one 20A wall‐mounted GFCI receptacle adjacent to each bathroom lavatory, fed 
from 20A circuit for only bathroom receptacles. No receptacles within tub or shower 
space. Bathroom lighting, exhaust fan, heaters, or other outlets should not be connected 
to bathroom receptacle circuit. Steam shower, sauna, and tub heaters may need 240V 
circuits.

Outside Provide at least two GFCI‐protected and waterproof receptacles on outside front and rear 
of house. Switch control from inside is convenient.

Figure  16.13 IrC 2015 residential electrical receptacle 
locations 
Source: Redrawn from 2015 International Residential Code, Figure 
E3901.2 General Use Receptacle Distribution
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Although the 2010 ADA does not set required heights for 
electrical switches and outlets, some other codes do. Project-
ing objects such as wall sconces do have ADA clearance re-
quirements. (See Figure 16.14)

Locations for countertop receptacles are covered by the 
IRC. (See Figure 16.15)

wIrIng DEvIcES
Whether you are turning on a wall switch, plugging an appliance 
into a receptacle, or using a dimmer for the lights, you are using 
a wiring device installed in an outlet box. The attachment 
plugs (caps) and wall plates are also considered to be wiring 
devices, as are a variety of other electrical devices.

Outlet boxes are also used where light fixtures are connect-
ed to the electrical system. Low voltage lighting control devices 
are considered wiring devices. Junction boxes are enclosures 
for housing and protecting electrical wires or cables that are 
joined together in connecting or branching electrical circuits.

Electrical equipment is given ratings for voltage and cur-
rent. As described earlier, voltage ratings indicate the maximum 
voltage that can be safely applied to the unit continuously. An or-
dinary electric wall receptacle is rated at 250V, but is only sup-
plied with 120V in normal use. The type and quality of insulation 
used and the physical spacing between electrically energized 

Figure 16.14 recommended switch and outlet heights 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior Design Illustrated (3rd ed.), Wiley 2012, page 240

20" (508 mm) 
max. above counter

15" (381 mm)
min. above 
floor

48
" 

(1
21

9 
m

m
) 

m
ax

 to
 c

en
te

rli
ne

2½" (64 mm)
min. clearance

Figure 16.15 IrC countertop receptacles 
Source: Redrawn from 2015 International Residential Code, Figure 
E3901.4 Countertop Receptacles
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Outlet boxes for electrical receptacles are wall- or floor-  
mounted. For lighting fixtures, they are wall or ceiling mounted. 
Floor boxes of cast metal can be set directly into the floor slab.

Junction boxes are designed to fit within the dimensions of 
stud walls. (See Figure 16.16) They are also used with exposed 

parts determines the voltage rating. Wiring devices are usually 
rated at 300 amps or less and frequently at 20 amps. They can 
be mounted in a small wall box.

Manufacturers classify wiring devices by grades to indicate 
their quality and expected use. (See Table 16.10) However, 
their grades are not standard across manufacturers, so if you 
specify by grade without a manufacturer named you have little 
control over what you may actually get.

At each electrical receptacle, lighting fixture, or switch, a 
metal or plastic box is securely fastened to the building structure 
to support the wiring device and protect its connections. Each 
cable or conduit is clamped tightly to the box where the wires 
enter, preventing wires from being pulled from their connections 
in case a cable or conduit is disturbed. The bare neutral wire is 
connected to the box and to the frame of the wiring device to 
prevent shocks should the device become faulty. After the wiring 
device is screwed securely to the box, a cover plate is attached.

Cover plates may be made of metal, plastic, or glass, and are 
available in a variety of colors and finishes. Coordination with 
the electrician helps interior designers control their appearance.

outlet and Device Boxes
Outlet and device boxes are made of galvanized stamped sheet 
metal. Nonmetallic boxes may be allowed in some wiring instal-
lations with NM and NMC cable and nonmetallic conduit. Square 
and octagonal 4" (102 mm) outlet boxes are used for fixtures, 
junctions, and electrical devices. The most common sizes are 
4" (102 mm) square and 4" (102 mm) octagonal boxes used for 
fixtures, junctions, and devices, and 4" by 2 " (102 by 54 mm) 
boxes used for single devices where no splicing is required. 
Depths range from 1½" to 3" (38 to 76 mm).

TablE 16.10 WIrInG dEvICE GradES
Types Grades description

NEMA and UL grades Hospital grade; highest quality  
and price

Green dot on device face. Highest quality, built to withstand 
severe abuse while maintaining reliable operation, must meet 
UL requirements for their grade.

Federal specification grade Roughly equivalent to industrial (premium) and commercial 
specification grades; less stringent than hospital grade.

UL general purpose grade. Lowest 
quality and price

Corresponds roughly to residential grade, and is the least 
demanding quality.

Manufacturer grades Hospital grade Must meet industry standards. Approximately same quality 
among manufacturers.

Premium or industrial specification 
grade

Roughly correspond to federal specification grade. Industrial 
and high‐grade commercial construction.

Commercial specification grade Usually used in most educational and good residential buildings 
and commercial work.

Standard or residential grade Usually used in low‐cost construction of all types, but not 
necessarily in all residential work.

Figure 16.16 Junction boxes
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in hardware stores, and often installed without a ground con-
nection to replace an ungrounded receptacle. Consequently, it 
is necessary to verify that an apparently grounded outlet in an 
older structure is actually grounded. The NEC requires ground-
ing all circuits for new work.

grounDED PlugS
A grounded plug is required by the NEC for use on all branch 
circuits. It assures that the connection is properly polarized, 
and provides a means to open an electrical circuit if any current 
is leaking.

Adapters to connect a grounded plug into an ungrounded 
receptacle can override safety controls. Attaching the ground 
wire or metal tab on a plug to the screw on a receptacle cover 
plate does not help if there is no ground connection for the 
receptacle. There is an exception to this with an older recep-
tacle with a metal electrical box connected to a grounded metal 
conduit system.

An appliance ground (3‐prong plug) directly connects the 
metal housing of an appliance to the ground. Since the neutral 
is also connected to the ground, a fault in the appliance causes 
current to flow from hot wire to ground and from ground to neu-
tral wire. The resulting fault current trips the circuit breaker to 
prevent fire or electric shock. This safety system will fail if the 
ground path broken accidentally, or intentionally by breaking off 
grounding prong.

An inexpensive testing tool will reveal several possible electri-
cal problems, including an open ground path.

Electrical receptacles
The NEC definition of a receptacle is “a contact device in-
stalled at the outlet for the connection of a single attachment 
plug.” This is usually a common wall outlet, or may be a larger 
and more complex device.

convEnIEncE rEcEPtaclES
The electrical outlet that we plug an electrical cord into is tech-
nically known as a convenience receptacle outlet, a recep-
tacle outlet, or a convenience outlet. “Receptacle” is a single 
term; a normal wall convenience receptacle that accepts two 
attachment plugs is called a duplex convenience receptacle or 
duplex convenience outlet, commonly shortened to duplex re-
ceptacle or duplex outlet. (See Figure 16.18)

The different types of receptacles are identified by the num-
ber of poles (prongs) and wires, and whether they have a sepa-
rate grounding wire or not. Grounded receptacles are used on 
standard 15A or 20A branch circuits. The equipment grounding 
wire is separate from and not to be confused with the neutral 
wire. Receptacles are typically 20A, 125V, but are available 
from 10A to 400A, and from 125V to 600V. Locking, explosion 
proof, tamper proof, and decorative design receptacles are 

steel conduit. Switch boxes are typically mounted on a stud 
within the wall to control a lighting outlet box. Installation of an 
electrical box usually just penetrates the wall surface, and does 
not require firestopping. The opening in the wall cannot allow a 
gap greater than 1/8" (3 mm) between the box and the gypsum 
wallboard.

The NEC specifies the minimum number of electrical boxes 
allowed for some building types, especially dwelling units. The 
NEC and building codes typically specify that no more than 100 
square inches (645 cm2) of electrical boxes can be installed per 
100 square feet (9.3 m2) of wall surface.

When an existing electrical box is not being used, it must ei-
ther have a cover plate or be totally removed, including the box 
and all its wiring, with the wall opening properly patched. In fire‐
rated walls, when boxes are used on opposite sides of the same 
walls, they must be separated by 24" (610 mm) horizontally.

Electrical Plugs
Electrical power plugs are used to connect electrically operated 
equipment to the AC power supply in a building. Plugs are usually 
movable connectors attached to a device’s power cable. They 
are intended for attachment to a fixed socket connected to an 
electrical circuit. They differ in their voltage and current rating, 
shape, size, and type of connectors, and there are many types 
(including obsolete ones) in use throughout the world today.

Technically, the term “wall plug” is the name for the cap on 
the wire that carries electricity to an appliance—the part on the 
end of a line cord that is plugged into a wall. (See Figure 16.17)

PolarIzED PlugS
Polarized plugs have in the past had an enlarged neutral prong 
to make sure that the connection is hot to hot and neutral to 
neutral. The small slit and projecting prong are for the hot wire, 
and the large slit and prong for the neutral wire. A grounded or 
polarized plug should be used when a plug does not include a 
ground prong and also is not polarized; this also reduces chanc-
es of a crossed‐connection in the event that an installation is 
faulty.

Since grounded receptacles have been required since 
1962, they are generally the only type available for purchase 

Figure 16.17 Wall plug
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avoiding over‐design that wastes money and resources. Safety 
code requirements should be observed. Obstruction of access 
spaces, passages, closets, and surfaces with electrical equip-
ment should be avoided.

SurgE SuPPrESSIon anD EquIPmEnt 
grounDIng
Modern electronic equipment is very sensitive to the random, 
spurious electrical voltages called electrical noise. Two special 
receptacles help eliminate electrical noise. Receptacles with 
built‐in surge suppression protect equipment from over‐voltage 
spikes. Receptacles with an insulated equipment‐grounding ter-
minal separating the device ground terminal from the system 
(raceway) ground eliminate much of the unwanted electrical 
noise. This latter type is connected to the system ground at the 
service entrance only, and is identified by an orange triangle on 
the faceplate.

See Chapter 15, “Electrical System Basics,” for more surge sup-
pression and grounding information.

Switches
You can turn a light on and off either by plugging a lighting fix-
ture into an electrical receptacle and turning the switch on the 
lighting fixture on and off, or by hard wiring the lighting fixture 
directly into the building’s power supply system and using a wall 
switch to control the power.

Switches up to 30A that can be outlet‐box mounted are con-
sidered wiring devices. Switches are installed in hot wires only. 
They disconnect an electrical device from the current, leaving 
the device with no voltage going through it, and eliminating the 
possibility of shock when the switch is open.

There are many types of switches used in buildings. (See 
Figure 16.19 and Table 16.11.) A common wall light switch 
is a type of general duty safety switch called a contactor. 

available. Some units, such as range receptacles, are designed 
for specific uses. Split‐wired receptacles have one outlet that 
is always energized, and a second controlled by a wall switch. 
These are sometimes used for a lamp, with the switch near the 
entrance to the room.

Receptacles are normally mounted 12" or 18" (305 or 457 
mm) above the finished floor. Receptacles above kitchen coun-
ters are typically mounted 48" (1219 mm) above the finished 
floor. In shops, laboratories, and other spaces with tables 
against walls, they are often mounted at 42" (1067 mm) above 
the floor.

universal design seeks to accommodate all users. To con-
form to the universal design reach range, receptacles should be 
less than 44" (1125 mm) from the floor. This places them only 
8" (203 mm) above a standard 36" (914 mm) counter height. 
Accessible receptacles should not be mounted more than 12" 
(305 mm) below a counter top. Receptacles below a countertop 
should not be located where the countertop extends more than 
6" (152 mm) beyond its support base. Receptacles installed for 
a specific appliance such as a clothes washer should be within 
6 feet (1.8 m) of the intended location of the appliance.

nonrESIDEntIal rEcEPtaclES
The NEC establishes requirements for convenience receptacles 
in commercial spaces. The code seeks to ensure that there are 
enough outlets to prevent a spaghetti‐like tangle of extension 
cords, while respecting the total energy use in the space.

Code requirements change. The NEC is revised every three 
years, so check the most recent edition.

General design considerations include flexibility for certain 
types of buildings, including laboratories, research facilities, and 
small educational buildings. Convenience receptacles should 
be designed for building and electrical service expansion, while 

Figure 16.18 duplex convenience receptacle wiring 
Source: US Department of Labor
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Low‐voltage switches control relays that do the actual switching. 
This offers many advantages over full‐voltage switching, includ-
ing flexibility of control location, and makes possible individual 
load control override by local control devices such as occupancy 
sensors and photocells, as well as group load override by central 
control devices including timers, daylight controllers, and energy 
management systems, both of which promote energy conserva-
tion. Low‐voltage, low‐current wiring does not require conduit and 
is less expensive than conventional building wiring. Individual load 
status can be monitored at a centralized control panel.

Dimmers, switches, receptacles, fan controls, cable TV and tele-
phone jacks are all available in a variety of colors. Be aware that 
cover plates specified in a bold color may have to be replaced if 
the wall color or other décor changes.

ElEctrIcal loaDS
Common types of building electrical loads include lighting, mo-
tors for HVAC and plumbing systems, convenience receptacles, 
heating elements, and electronic devices. Special process 
equipment such as lab equipment and x‐ray machines also cre-
ate electrical loads.

Lighting loads are covered in Chapter 17, “Lighting Systems.”

Convenience devices are rated according to total antici-
pated amperage requirements of all connected loads operat-
ing concurrently. Household electric ranges and clothes dryers 

Contactors close an electrical circuit physically by moving two 
electrical conductors into contact with each other, allowing the 
power to flow to the lighting fixture. The contactor physically 
separates the two conductors to open the circuit, which stops 
the electrical flow and shuts off the light. Contactors are good 
for remote control by manual or remote pushbutton, or for auto-
matic devices such as timers, float switches, thermostats, and 
pressure switches. They are found in lighting, heating, and air 
conditioning equipment, and in motors.

Contactors can be operated by hand, electric coil, spring or 
motor. A typical wall switch is an example of a small, mechani-
cally operated contactor. A relay is a small electrically operated 
contactor. The operating handles for contactors may be toggle, 
key, push, touch, rocker, rotary, or tap‐plate types.

Switches can have multiple control points. For four or more 
control locations, low voltage, PLC, or wireless controls are 
probably a better option.

Smart switching using occupancy sensors, daylight sensors, 
programmable thermostats, and timers can reduce electrical 
use. Specialty lighting dimmers are available with preset controls 
that combine dimming and switching, useable for smooth fan 
speed control, local and remote control, automatic fadeout, and 
with fluorescent lamps with dimming ballasts. Other specialties 
include pilot lights, fan controls, and other small motor controls.

See Chapter 17, “Lighting Systems,” for more information on 
lighting controls.

low‐voltagE SwItchIng
low‐voltage switching that uses light‐duty, 24‐volt switches 
is also called remote control switching and low‐voltage control. 

TablE 16.11 SWITCH TypES
Type description

General duty safety switches Normal use in lighting and power circuits.

Heavy‐duty (HD) switches Frequent interrupting, high fault currents, ease of maintenance.

Three‐way switches Used with another switch to control lights from two locations. Has three terminals, so on/off 
positions can change.

Four‐way switches Used with two 3‐way switches to control lights from 3 locations.

Remote‐control (RC) switches Used for switching blocks of lighting, exterior lights, whole or buildings. Electromagnets 
operate fixtures from a distance without wiring. Used for ceiling fans and window treatments.

Solid‐state switches Electronic device with conducting and nonconducting states. Instantaneous, noiseless 
change by control signal in voltage.

Time‐controlled electronic switch Solid‐state switch with electronic timing device with no moving parts.

Programmable time switch with 
memory circuit

Fits wall outlet box for lighting, energy management, automated building control, and clock 
and program systems.

Programmable controller Microprocessor responds with particular control plan to given input signals for specific type 
of function.

Automatic transfer switch Emergency and standby power arrangements. Automatically transfers to emergency service 
and back to normal service.
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When helping a client decide what type of equipment to pur-
chase, it is important to determine the most efficient solution to 
the problem at hand. For example, a window fan may be a more 
energy efficient choice than an air conditioner. Equipment that 
uses a timer, thermostat, or sensor can save energy without 
decreasing comfort. Photocells are available to control day and 
night operation. A timer on an air conditioner can turn it on or 
off depending on the occupant’s presence, outside temperature 
changes, or on a preprogrammed time schedule.

KItchEn aPPlIancES
Kitchen appliances are primarily, but not exclusively, found in 
the home. (See Table 16.12) Interior designers who work on 
commercial office projects find themselves designing office 
kitchen and coffee areas. (See Figures 16.21 and 16.22) Office 
kitchens may combine the functions of a catering kitchen, a cof-
fee break area, and a staff lunchroom. If not easy to maintain 
and share, they can become a source of employee dissatis-
faction. Even beauty salons and similar retail‐oriented spaces 

operate at 240V, and larger window air conditioners normally 
require 240V. These devices must be either directly wired into 
a circuit or plugged into a special receptacle designed for that 
purpose.

Many electrical devices consume power in standby mode 
even when turned off or in sleeping mode. For example, these 
so‐called vampire loads occur with battery chargers, televi-
sions, and computers. In homes, vampire loads comprise about 
10 percent of energy consumed. Almost one‐half of all employ-
ees leave their computers on when they go home, which can 
present a security risk as well as waste energy.

residential appliances
Electrical equipment comes with several ratings that indicate 
wiring requirements. As described earlier, the voltage listing is 
a rating that gives the maximum voltage that can safely be ap-
plied to the unit continuously. An ordinary wall receptacle has a 
250V rating, although it normally uses only 120V. It is therefore 
safe to use the receptacle even if the voltage should go above 
120 volts.

Another wiring rating for appliances, the current‐carrying 
ability, is measured in amps. The maximum operating tempera-
ture at which components of a piece of equipment (for example, 
a toaster) can operate continuously determines the number of 
amps. Equipment with better electrical insulation inside can 
carry more current safely.

Newer models of appliances that previously used 120V may 
now require 240V. These may include clothes washers that heat 
water to higher temperatures, or small ovens with large power 
requirements.

EnErgyguIDE laBElS
Yellow EnergyGuide labels are found on dishwashers, refrigera-
tors, freezers, and clothes washers. (See Figure 16.20) These 
labels give the yearly estimated energy costs for an appliance, 
based on US national average energy costs, along with esti-
mated yearly usage in kilowatt hours. The label contains a graph 
showing the range of energy costs to operate similar applianc-
es, and how the appliance with the EnergyGuide label compares 
to the range.

The black and white Canadian EnerGuide label is similar to 
the EnergyGuide label. An EnerGuide label is required on all new 
electrical appliances manufactured in or imported into Canada. 
The label indicates the amount of electricity used by the ap-
pliance. The use of the EnerGuide label requires third‐party 
verification that the appliance meets Canada’s minimum energy 
performance levels.

For more information on residential appliances, see Chapter 11, 
“Fixtures and Appliances.”

TablE 16.12 rESIdEnTIal KITCHEn EquIpMEnT
appliance volts amps outlets on Circuit

Range 115/230 60 1

Oven (built‐in) 115/230 30 1

Cooktop 115/230 30 1

Dishwasher 115 20 1

Waste disposer 115 20 1

Microwave oven 115 20 1 or more

Refrigerator 115 20 Separate circuit 
recommendedFreezer 115 20

Figure 16.20 EnergyGuide label 
Source: US Department of Energy
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Figure 16.21 office kitchen 
Source: Courtesy of Herb Fremin

Figure 16.22 office kitchen electrical rough‐in 
Source: Courtesy of Herb Fremin

may require kitchen and laundry appliances. Designs for kitchen 
spaces include outlets at several levels and plumbing for sinks 
and dishwashers, along with bracing for wall‐hung units.

Kitchen design has come a long way since the open fires of 
medieval kitchens, where everything from butchering to meal 
preparation took place. (See Figure 16.23)

rEfrIgEratorS anD frEEzErS
Refrigerators have been greatly improved in terms of energy 
efficiency. The average refrigerator made today uses about 700 
kWh per year, one‐third of the energy of a 1973 model, and is 
larger and has better controls as well. Newer refrigerators have 
more insulation, tighter door seals, a larger coil surface area, 
and improved compressors and motors.

The larger the refrigerator, the more energy it will use, but 
one large refrigerator will use less energy than two smaller 
ones with the same capacity. The most efficient refrigerators 
are in the 16 to 20 cubic foot range. Side‐by‐side models are 

Figure 16.23 Medieval kitchen 
Source: Medieval Life and People CD‐Rom  & Book, Dover Publications 
2007, Image 007
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less energy‐efficient than styles with the freezer on top. Built‐ins 
sometimes use more energy than free-standing models. Automat-
ic icemakers and through‐door dispensers also use more energy.

When selecting the refrigerator style, consider the depth 
required when the door is open 90 degrees. The side‐to‐side 
models take up less space in front of the refrigerator. Refrigera-
tors typically use a 115V, 60 Hz, AC, and 15 ampere grounded 
outlet. Some manufacturers offer counter‐depth refrigerators 
that align with cabinets smoothly, providing maximum storage 
capacity without taking up a lot of space in the kitchen.

Chest‐style freezers that load from the top are 10 to 25 per-
cent more efficient than upright, front‐loading freezers, thanks 
to better insulation and the fact that cold air does not spill out 
as readily when they are opened. However, chest freezers are 
more difficult to organize. Manual defrosting is more common 
than automatic defrosting for freezers, but automatic defrost-
ing may dehydrate food and cause freezer burn. Icemakers 
that produce up to 50 pounds of ice cubes every 24 hours 
are available in built‐in or free-standing models. They require 
a water supply, and some models include a factory‐installed 
drain pump.

Refrigerators and freezers should be located away from heat 
sources such as dishwashers and ovens, and out of direct sun. 
Allow a 1" (25 mm) space on each side for good air circulation.

StovES anD ovEnS
Cooktops are available as standard ranges or as separate units, 
and may be either electric or gas. New gas ranges are required 
to have electric ignition rather than wasteful pilot lights. Electric 
cooktops typically require 240/208 V, 60 Hz, 20 or 40 amp 
grounded electrical service.

Critical dimensions for installation of a cooktop include the 
size and type of the cooktop itself, the horizontal dimensions 
between cabinets above and below the cooktop, vertical clear-
ances above the cooktop, and the size of the counter opening 
required. (See Figure 16.24)

Slide‐in ranges provide a more solid, streamlined impres-
sion by removing frames and crevices. Free-standing and slide‐
in electric ranges require 120/240 V, 60 Hz service on a sepa-
rate 50‐ampere grounded electric circuit.

Electric cooktops are available with various types of heating 
elements. (See Table 16.13)

Gas cooktops should have electric pilot lights, and often 
have sealed gas burners. They typically require single‐phase AC, 
120 V, 60 Hz, 15 ampere grounded electric service. Gas cook-
tops are available in combination with gas grills. Some manufac-
turers offer dual fuel models that have sealed gas burners with 
an electric convection oven. When a customer purchases a gas 
appliance, delivery and installation must include the services of 
a plumber to connect the gas line. (See Figure 16.25)

Gas cook stoves consume oxygen from room air and re-
lease carbon dioxide and water vapor. A fan must be installed 

TablE 16.13 ElECTrIC CooKTop HEaTInG 
ElEMEnTS
Element type description

Exposed coils Heat up fast, difficult to clean.

Solid disk elements Attractive and easy to clean. Heat 
up slowly, increasing their energy 
consumption.

Radiant elements 
under ceramic glass

Very cleanable. Heat up faster than 
solid disks; more energy efficient than 
coils or solid disks

Halogen elements Heat food by means of the contact of 
the pan on the ceramic glass surface. 
Energy savings, but higher price.

Induction elements Transfer electromagnetic energy 
directly to pan. Very energy efficient 
but work only with ferrous metal 
cookware and not with aluminum pans. 
When the pan is removed from the 
heating element, almost no heat lingers 
on the cooktop. Tend to be expensive

Figure 16.24 Information needed for cooktop installation

Cooktop brand,
fuel type,
circuit amps

(a) Cooktop information

(b) Cabinet dimensions
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service required is 120V, 60 Hz. Rotisseries for residential use 
require electrical and gas connections, as well as an exhaust 
hood. They are heavy, weighing about 130 kg (290 pounds), and 
must be supported adequately.

mIcrowavE ovEnS
Microwave ovens use very high frequency radio waves to pene-
trate the food surface and heat up water molecules in the food’s 
interior. Using a microwave can reduce energy use and cooking 
times by around two‐thirds over a conventional oven, especially 
for small portions and for reheating leftovers. They also contrib-
ute less waste heat to the kitchen. Temperature probes, con-
trols that shut off when the food is cooked, and variable power 
settings also save energy.

Microwave ovens are available in countertop, over‐range, 
over‐counter, and built‐in models. Most specify a 120V, single 
phase, 60 Hz, AC, 15 ampere 3‐wire grounded circuit. Built‐
in microwaves may offer a drop‐down door and a convection 
hood, and may require 120V or 240V, 20‐ampere service. Wall 
mounted microwaves should not be hung directly from the 
cabinets above; they usually require the support of a mounting 
bracket.

Microwave combination ovens come with a convection 
oven below, and may require 120/240V, 60 Hz, 40 ampere 
grounded service. Microwaves, toaster ovens, and slow‐cook 
crock‐pots that combine an insulated ceramic pot with an elec-
tric heating element, can save energy when used to prepare 
smaller meals.

For more information on microwaves, dishwashers, and laundry 
equipment, see Chapter 11, “Fixtures and Appliances.”

DIShwaShErS
Heating water makes up 80 percent of the energy use of an au-
tomatic dishwasher, so using less water saves energy. Electri-
cal connections are typically a 120V, 60 Hz, 15 amp or 20 amp 
fused electrical supply on a separate circuit. A time-delay fuse 
or circuit breaker is recommended.

to make sure that gas combustion products are eliminated 
from the house. The fan must exhaust to the outside when 
the stove is in use, and not just recirculate air. Avoid too 
large a fan, as it will waste energy and may cause backdraft-
ing problems. Large downdraft ventilation fans in cooktops 
and ranges can suck so much air that the house is depres-
surized, causing the heating system to fail to vent properly 
and creating a backdraft for combustion gases. Large fans 
need makeup air ducts, which are supplied by some fan 
manufacturers.

For information on gas exhaust equipment, see Chapter 11,  
“Fixtures and Appliances.”

Conventional ovens with self‐cleaning features have more 
than the usual amount of insulation, and are more energy ef-
ficient unless the self‐cleaning feature is used more than once 
a month. A window in the door saves wasting energy when the 
door is opened to look at the progress of the food being cooked. 
Built‐in electric ovens typically require a separate 208/240V, 60 
Hz, 30 ampere grounded circuit. A time delay fuse or circuit 
breaker is recommended. Double ovens located one above the 
other get a lot of oven into a small amount of floor space. Gas 
ovens use less energy than electric ovens; in addition, gas may 
be less expensive. Cabinets for wall‐mounted ovens and micro-
waves must be designed to accommodate the equipment speci-
fied. (See Figure 16.26)

Convection ovens are more energy-efficient than conven-
tional ovens. Heated air continuously circulates around the 
food for more even heat distribution. Food can be cooked 
faster and at lower temperatures, saving about one‐third of 
energy costs.

There are an increasing number of accessory cooking ap-
pliances available today. Warming drawers keep contents in the 
90° to 225°F (3° to 107°C) range. They offer removable serving 
pans, and the drawer itself may be removable. The electrical 

Figure 16.25 Gas connection for stove and oven

Figure 16.26 oven cabinets

(a) Single oven (b) Double oven (c) Microwave 
above oven
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240V circuit. Some European clothes washers require a 240V 
circuit for heating water. Other living-area and utility‐related 
equipment also have circuiting requirements. (See Tables 16.15 
and 16.16) 

appliance control and Energy 
conservation
Networked appliances are available today, some of which com-
municate with each other through the home electrical system, 
while most use wireless or internet connections. These appli-
ances are designed to perform intelligent tasks such as col-
lecting recipes from the Internet, tracking food inventory, and 
downloading new wash cycles for different kinds of clothes.

Kitchen appliances use nearly one‐third of the electricity 
used in a home. (See Figure 16.28) Interior designers can play 
an important role in selecting energy‐efficient residential appli-
ances. (See Figure 16.29)

launDry EquIPmEnt
Clothes washers require both hot and cold water connections, 
as well as a drain that meets code requirements. A lever that 
shuts off the water supply when the machine is not in use can 
help prevent flooding. (See Figure 16.27)

A dedicated circuit is needed for a clothes washer and/or 
clothes dryer. (See Table 16.14) An electric dryer requires a 

Figure 16.27 Single shutoff lever for washer

Hose

Lever

Hot 
water pipe

Cold 
water pipe

TablE 16.14 rESIdEnTIal laundry EquIpMEnT

appliance volts amps
outlets on 

Circuit

Washing machine 115 20 1

Dryer 115/230 20 1

Hand iron 115 20 1

TablE 16.15 rESIdEnTIal lIvInG-arEa 
EquIpMEnT
appliance volts amps outlets on Circuit

Workshops 115 20 1 or more, 
separate circuit 
for heavy‐duty 
appliances

Portable heater 115 20 1

Television 115 20 1 or more

Audio center 115 20 1 or more

Personal computer 
and peripherals

115, isolated 
ground may 
be required

20 1 or more, 
surge protection 
recommended

TablE 16.16 rESIdEnTIal uTIlITIES

appliance volts amps
outlets on 
Circuit

Fixed lighting 115 20 1 or more

Window air conditioner 
¾ hp

115 20 or 30 1

Central air conditioner 115/230 40 1

Sump pump 115 20 1 or more

Heating plant (forced‐air 
furnace)

115 20 1

Attic fan 115 20 1 or more

Figure 16.28 residential electricity use
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Inside many refrigerators is an energy-saver switch that can 
be shut off when humidity is low. The switch activates a heater 
that reduces moisture condensation. This works well in humid 
environments, but in dry climates it will use more energy than it 
saves, and should be turned off.

As we have seen, electrical distribution has implications 
for both safety and energy efficiency. Much of the electrical 
equipment and energy used in buildings is used for lighting. 
In Chapter 17, “Lighting Systems,” we see how daylighting 
can be combined with electrical lighting for round‐the‐clock 
use.Figure 16.29 Comparative appliance energy use

Freezer

Clothes washer

Clothes dryer

Dishwasher

Cooking appliances 

RefrigeratorRefrigerator
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Lighting is a major contributor to the building heat load. One 
watt of lighting adds one watt (3.4 BTUH) of heat gain to the 
space. It takes about 0.28W of additional energy to cool one 
watt produced by lighting in the summer; however, the added 
heat may be welcome in the winter. Reducing the lighting power 
energy levels to below 2 watts per square foot (0.09 m2) in 
most areas results in less impact on the HVAC system from light 
generated heat.

History of Lighting
The earliest gas lighting used plant and animal (including whale) 
oils, beeswax, or similar fuels. In the late eighteenth century, 
gas lighting made streets safer, and made it possible for facto-
ries in Great Britain to run 24 hours a day.

Natural gas began to replace coal‐gas from the nineteenth 
century through the early twentieth century. (See Figure 17.1) 
The electric incandescent lamp was patented by Thomas Edi-
son in the United States in 1880.

As is indicated in Chapter 15, “Electrical Systems Basics,” “lamp” 
is the technical name for what we commonly call a light bulb.

For many years, an unwarranted division existed in the 
field of lighting design, dividing it into two disciplines: 
architectural lighting and utilitarian design. The former 
found expression in design that took little cognizance of 
visual task needs and displayed an inordinate penchant 

Lighting has been the major user of electrical energy in most 
buildings. In commercial buildings, motors for HVAC systems, 
plumbing pumps, elevators, and most industrial processes are 
the second heaviest user of electrical energy.

Many interior design programs offer a full‐semester course 
in lighting design. The physics of light is another substantial 
topic. We do not attempt this level of completeness, but we do 
cover the major points of vision, color perception, and other 
topics as they affect interior daylighting and electrical lighting.

The chief drawback of daylighting is its inconstancy, 
especially its total unavailability between sundown and 
sunup. Artificial electric light is instantly and constantly 
available, is easily manipulated by a designer, and can be 
controlled by the occupants of the building. This suggests 
strongly that daylighting and artificial lighting make 
good partners, with artificial lighting being used mainly 
for nighttime illumination and as a daytime supplement 
when daylighting alone is insufficient. (Edward Allen, How 
Buildings Work (3rd ed.) Oxford University Press 2005, 
page 134)

IntroductIon
The US Energy Information Administration estimates that in 
2012, about 12 percent of total US electricity consumption 
was used for residential and commercial lighting. Good light-
ing design can save up to half of the electrical power used for 
lighting.

17
Lighting Systems
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in nonresidential buildings for lighting has driven designers to 
integrate the cheapest, most abundant, and in many ways most 
desirable, form of lighting, daylighting.

Lighting design team
The best lighting designs blend seamlessly into an overall inte-
rior design. Differences inherent in the objectives of the interior 
designer and the electrical engineer may lead to difficulties in 
achieving this goal. These differences have their roots in the 
training and functions associated with each profession. The in-
terior designer may focus on aesthetics and strive for an inte-
rior space that supports the client’s image and work process. 
The electrical engineer’s perspective may focus on technical 
issues and accentuate standardization and energy efficiency. 
Twenty‐first century lighting design is facilitating an improved 
team approach.

Lighting calculation Methods
Lighting should be designed for what people perceive, 
not for what meters measure.

Norbert Lechner, Heating, Cooling, Lighting: 
Sustainable Design Methods for Architecture (3rd ed.), 

Wiley 2009, page 377

With these wise words in mind, we take a brief look at how 
engineers measure lighting. Engineers calculate spaces requir-
ing overall uniform illumination by the lumen method, averaging 
illuminance. Spaces requiring local or local plus general lighting 
are calculated by the point by point or another method.

The lumen method uses zonal cavity calculations of the re-
flectance coefficients of room surfaces to model the how light 
reflected from the walls and the ceiling contributes to useful 
illumination at the working level of the room. Today, computer 
programs do the calculations, and three‐dimensional computer 
models help the design team and the client visualize the result.

The point‐to‐point method indicates illumination in lumens 
per unit area at a particular location. It can be used to calculate 
illumination levels from several light sources, with the results 
added together for the overall illumination level.

Daylighting diagrams aid in daylighting design. They con-
sider skylight orientation and light control and northern orienta-
tion for consistent lighting. Daylighting diagrams can aid in the 
integration of daylight with electric light sources and with other 
environmental issues.

An alternative approach called brightness design involves 
using a computer perspective of a space with the level of lu-
minances desired; the lighting is then designed to meet these 
lighting levels. The computer model provides the designer with 
a picture of the space’s brightness patterns and encourages 
experimentation with window configurations and treatments, 
light sources and shadows. Brightness design relies heavily on 
the experience of the designer and is more intuitive—and less 
quantifiable—than analytical lighting design.

for incandescent wallwashers, architectural lighting 
elements, and form‐giving shadows. The latter saw all 
spaces in terms of illuminance levels and cavity ratios, 
and performed its design function with footcandles 
(lux) and dollars as the ruling considerations. That both 
of these trends have generally been eliminated is due 
largely to the efforts of thoughtful architects, engineers, 
and lighting designers, assisted in part by the energy 
consciousness that followed the 1973 oil embargo. 
That last event spurred research into satisfying vision 
needs within a framework of minimal energy use. That 
research, and its resulting energy codes and continuing 
development of higher‐efficiency sources, are today 
motivated by environmental concerns. (Walter T. Grondzik 
and Alison G. Kwok, Mechanical and Electrical Equipment 
for Buildings (12th ed.), Wiley 2015, page 583)

Until 1973, daylighting was considered part of architectural 
design, not part of lighting design. Since an artificial lighting sys-
tem had to be installed anyway, the practice was to ignore day-
light, even to the extent of shutting it out completely. However, 
since the energy crisis, the extensive use of electrical energy 

Figure 17.1 Gas lamp 
Source: Victorian Goods and Merchandise CD‐Rom & Book, Dover 
Publications, Inc., 2006, Image 652
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The interior designer and the engineer may have differing 
perspectives on their relationship with their client. The interior 
designer typically works with the client’s executive manage-
ment team to blend business objectives, work processes, and 
corporate image. The engineer frequently works with the facility 
manager, who may also be one of the interior designer’s con-
tacts. Facility managers are looking for a lighting scheme that 
is flexible, efficient, and low maintenance. A third client group is 
the users, including employees, whose needs focus on comfort 
and productivity.

Unless the interior designer and the electrical engineer un-
derstand the needs of these three distinct client groups, they 
may not be able to work together effectively. When the inte-
rior designer and electrical engineer work well together, they 
help the client recognize and prioritize each client group’s ob-
jectives, and achieve a design that integrates each discipline’s 
strengths and meets the client’s overall needs.

Professional lighting designers can help bridge the gap. 
With expertise in the technical aspects of lighting and strong 
resources in the aesthetic and functional aspects of lighting 
design, the lighting designer is able to see both perspectives. 
Added to this is extensive knowledge of the fixtures available on 
the market and the ability to speak the electrician’s language.

Thoughtful architects, engineers, and lighting designers are 
leading research into ways to satisfy vision needs with minimal 
energy use. The Illuminating Energy Society (IES) is a research, 
standards, and publishing organization that develops stable sci-
entific bases for lighting, while remaining aware of its artistic as-
pects. The combination of science and art make lighting design 
a truly architectural discipline.

Lighting design Process
The designer of the lighting for a project begins by considering 
the integration of daylight with electric light, and the energy 
use relationships between electric lighting, daylighting, and 
heating and cooling. The interior designer should be involved 
in the coordination of the interior layout of the space with the 
lighting design. Decisions are made regarding the sources, 
characteristics, and equipment requirements for electric light-
ing. The visual requirements for specific tasks and occupants 
are assessed.

Three basic types of lighting are employed to achieve these 
effects. Focal and task lighting focuses our attention and 
helps us identify what is important. (See Figure 17.2) Ambient 
lighting uses the glow of diffuse and indirect lighting to illumi-
nate space. (See Figure 17.3) The sparkle of decorative light 
sources and reflections draws attention to visually exciting ele-
ments. (See Figure 17.4)

“Luminaire” is another name for a lighting fixture. A luminaire 
houses and provides electricity for the light source and directs 
its output.

Figure 17.2 Task lighting

Figure 17.3 Ambient lighting

Figure 17.4 Sparkle of a chandelier
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additions, and do not require alteration or removal of existing 
systems, although some efforts at relamping existing fixtures 
may be required.

The National Electrical Code (NEC) has strict requirements 
for access to electrical components. All electrical boxes, includ-
ing those for lighting, must allow access for repairs and wiring 
changes at any time. All lighting fixtures must be placed so that 
both the lamp and the fixture can be replaced when needed. 
This is especially important when they are used with architec-
tural elements such as ceiling coves.

The process of meeting the code requirements involves ex-
tensive calculations and reporting, provided by the electrical 
engineer or lighting designer using special software; contrac-
tors sometimes provide the documentation. Since the lighting 
energy allowance meshes with building envelope and HVAC 
requirements, the entire architectural and engineering team is 
involved in meeting code requirements. With good design, light-
ing levels even lower than limits set by codes can be achieved. 
Energy efficiency code requirements mandate automatic shut-
off provisions for interior lighting.

Some types of facilities are not included in the total energy 
use calculations, for example spaces specifically for the visually 
impaired, enclosed retail display windows, display lighting in gal-
leries or museums, lighting integral to advertising or directional 
signage, and lighting for theatrical purposes.

The 2015 International Residential Codes (IRC) requires 
that every habitable room and bathroom, hallway, stairway, at-
tached garage, and outdoor entrance must have a minimum 
of one lighting outlet controlled by a wall switch. A single wall 
switch in rooms other than a kitchen and bathroom can control 
one or more receptacles for plugging in lamps. One lighting 
outlet is required in each utility room, attic, basement, or under‐
floor space that is used for storage or that contains equipment 
that may require servicing.

Chapter 40 of the 2015 IRC covers electrical devices and 
luminaires and their installation. These include requirements for 
protecting energized parts from contact, and restrictions on 
luminaires in wet or damp locations and clothes closets. Track 
lighting requirements are also covered.

Fire‐tested and labeled lighting fixtures should be used on 
interior projects. Only certain types of fixtures are allowed in 
fire‐rated assemblies. When a lighting fixture is placed in a wall 
or ceiling of combustible material, the mechanical part of the 
fixture must be fully enclosed. Usually, noncombustible materi-
als must be sandwiched between the fixture and the finished 
surface.

The method of attachment of a fixture to the outlet box is 
related to its weight and the type of fixture. The outlet box can 
usually support fixtures up to 50 pounds (22.7 kg). Heavier fix-
tures require additional support.

Jurisdictional authorities are principally involved in energy 
budgets and lighting levels. There are a variety of codes and 
standards related to lighting. (See Table 17.1) Authorities may in-
clude the US Department of Energy (DOE) and General Services 
Administration (GSA) if federal funds involved.

The geometry of a space affects the distribution of light. 
Breaking up an open space with partitions reduces the efficien-
cy of the illumination. Ceilings are important reflectors of light 
to tasks below.

Considerations relating to the design of interior lighting 
include how to use daylighting, selection of electrical lighting 
fixtures and their spacing and mounting heights, and the light 
reflectance levels of interior surfaces. The role of decorative 
lighting and the visual needs of occupants and the tasks they 
perform are also considered. Lighting design is involved in 
determining the location, relationships, and psychological ef-
fects of brightness and shadow patterns. The color of both 
light sources and the surfaces they illuminate are also impor-
tant aspects.

The process of lighting design includes several phases simi-
lar to other design processes. The first phase involves estab-
lishing project lighting and energy budgets. Task analysis then 
investigates the nature of tasks, including their repetitiveness, 
variability, and duration. The characteristics of the individuals 
performing the task are also considered. During the design 
stage, detailed suggestions are raised, considered, modified, 
accepted, or rejected in an interactive process with the archi-
tect, lighting designer, interior designer, and engineers to pro-
duce a detailed, workable design. The evaluation stage involves 
analyzing the design solutions for cost and energy. The results 
of the process go to the architectural group for final overall 
project evaluation.

Lighting codes and Standards
As we indicated earlier, in recent years, there have been sig-
nificant changes in requirements for building lighting energy ef-
ficiency. Energy codes and standards set minimum efficiency 
requirements for new and renovated buildings. In addition, LEED 
v4 give credits for interior lighting strategies.

Building codes generally establish minimum levels of il-
lumination. It is usually appropriate to keep the general area 
illumination at less than 30 footcandles (fc, equal to 300 lux) 
with additional task lighting as required. In some jurisdictions, 
all habitable and occupiable spaces are required to have day-
light or electrical lighting of at least 6 fc (60 lux) on average 
at 30" (762 mm) above floor level. Average illumination pro-
vided by electric lighting in toilet rooms must be at least 3 fc  
(30 lux).

codeS
Building codes regulate lighting energy efficiency and specify 
the permitted maximum number of watts per square foot (W/
m2) of floor area. Energy restrictions commonly apply to all 
buildings over three stories, and to all building types except low‐
rise housing. Codes usually allow trade‐offs between energy ef-
ficient building envelope components and energy use by HVAC 
or lighting. Interior lighting energy use can usually be calculated 
by either a building area method, or on a space‐by‐space ba-
sis. Code requirements typically apply to new construction and 
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and spreads over a larger area as it emanates from its source. 
As it spreads, it diminishes in intensity. Light causes electrons 
to move, a phenomenon that is used by a light meter to in-
dicate the amount of incident electromagnetic radiation. (See 
Figure 17.6) These characteristics of light apply to both daylight-
ing and electric lighting.

A light meter converts radiant energy to an electrical cur-
rent and indicates the intensity of illumination. Light meters are 
typically used to measure the level of illumination incident on a 

StandardS
Lighting standards are set by a variety of authorities, depending 
upon the type of building, whether it is government owned or 
built, and where it is located. Agencies that publish standards 
and code requirements for lighting include:

 ● US Department of Energy (DOE)
 ● General Services Administration (GSA)
 ● National Fire Protection Association (NFPA), including the 

National Electrical Code (NEC)
 ● American Society of Heating, Refrigeration and Air Conditioning 

Engineers (ASHRAE)
 ● Illuminating Engineering Society (IES)
 ● National Institute of Science and Technology (NIST)

Energy budgets and lighting levels set by these standards 
affect the type of lighting source, the fixture selection, the light-
ing system, furniture placement, and maintenance schedules.

acceSSIbILIty and Safety requIreMentS
Lighting fixtures are marked for wall mounting, under‐cabinet 
mounting, ceiling mounting, or covered ceiling mounting. Wall‐
mounted lighting fixtures (sconces) mounted between 27" and 
80" (686 and 2032 mm) above the finished floor must meet the 
ADA maximum 4" (102 mm) projection limit where applicable. 
(See Figure 17.5)

Each lighting fixture is manufactured and tested for a spe-
cific location. Those approved for damp locations are labeled 
“Suitable for Damp Locations.” Lighting fixtures listed for a wet 
location can also be used in damp locations.

LIgHt and VISIon
Light is electromagnetic radiation that the unaided human eye 
can perceive. Light has the characteristics of a wave, but is 
released in quantum units. It radiates equally in all directions 

TAble 17.1 CodeS And STAndArdS relATed To 
liGhTinG
Type Title

Codes International Energy Conservation Code 
(commercial and residential buildings)

NFPA 70 National Electrical Code®

NFPA 900—Building Energy Code based on 
ASHRAE Standards 90.1 and 90.2

Standards ANSI/ASHRAE/IES Standard 90.1—Energy 
Standard for Buildings Except Low‐Rise 
Residential Buildings

ANSI/ASHRAE Standard 90.2—Energy Efficient 
Design of Low‐Rise Residential Buildings

ANSI/ASHRAE / USGBC / IES Standard 
189.1—Standard for the Design of High‐
Performance Green Buildings

Figure 17.5 AdA limits of protruding objects 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 307.2

4" (100 mm) max.

X
 >

80
" 

(2
03

0 
m

m
)

  X
 >

 2
7"

(6
85

 m
m

)

Figure 17.6 light meter

200



318    |    ElEctrical and lighting SyStEmS

light divided by incident light. Reflected light is always less 
than incident light, so the RF is always less than 1. A little light 
is always reflected, so the RF is always greater than 0. The 
RF of a white surface is around 0.85, and of a black surface 
around 0.05.

Wall reflectance is rarely equal to that of the surface finish 
of objects in a space. The average of reflectances should be 
weighted by the area of all reflecting surfaces, including doors, 
window treatments, whiteboards, and cabinets.

Floor reflectance is not very important for desktop height 
tasks, but gives the impression of more and better‐distributed 
light. It contributes to illumination of free-standing tasks such 
as inspecting the sides or undersides of objects, where other-
wise additional lighting would be needed. Floor reflectance also 
contributes to general visual comfort as it reduces brightness 
contrasts.

Visual comfort depends on the relationship (luminance ratio) 
between tasks or other elements and their surroundings. (See 
Table 17.2)

To control reflected glare from desktops, use light‐colored, dif-
fusely reflecting surfaces with 25 to 40 percent reflectance. 
Dark polished wood or a glossy finish is most likely to cause 
glare.

tranSMIttance
luminous transmittance is a measure of a material’s capabil-
ity to transmit incident light. The transmission factor (trans-
mittance or coefficient of transmission) is the ratio of the total 
transmitted light to the total incident light, and is used only for 
materials that transmit various component colors equally. Clear 
glass has a transmission factor between 80 and 90 percent; 
frosted glass, 70 to 85 percent; and solid opal glass, 15 to  
40 percent, with rest of the light absorbed or reflected. Translu-
cent materials result in diffuse transmission.

Visible transmittance (VT) quantifies the amount of vis-
ible light that passes through glazing. It ranges from 0.9 for very 
clear glass to less than 0.1 for highly reflective or tinted glass.

surface; they can also be used to determine the brightness of 
a diffuse surface.

Physics of Light
Some understanding of the basic physics of light is helpful in 
comprehending the changing nature of today’s available light 
sources.

The range of electromagnetic radiation to which human 
eye is sensitive is very narrow. The longest wavelength is red, 
then orange, yellow, green, blue, indigo, and the shortest visible 
wavelength, violet. Human sensitivity is greatest at mid‐range, 
around 550 nanometers, which corresponds with yellow light. 
Each wavelength of light has a specific frequency, usually re-
ferred to as cycles per second or hertz (Hz).

Electromagnetic radiation is usually measured in nanometers 
or angstroms. There are 10 million nanometers per meter.

Visible light is emitted by the vibration of electrons. The 
temperature difference determines the rate of vibration; as the 
temperature rises, the rate of both the amount and energy level 
of molecular activity and radiation emitted increases.

Radiation within the visible range is referred to as incandes-
cent radiation, and is emitted in bands of varying frequencies. 
A light source producing over the entire visible spectrum in ap-
proximately equal quantities produces white light.

Our eyes adjust to light. Light sources with large differences in 
chromatic (relating or produced by color) content may all appear 
white after a short accommodation period. Only when sources dif-
fering widely in chromaticity are view sided by side is variety in 
whiteness noticed on colored objects and neutral surfaces.

Although waves bend, light does not. We usually think of 
light as rays that travel in a straight line until they encounter 
some object where they are absorbed, transmitted, or reflect-
ed. Generally, all three occur at any given surface, but one or 
two usually predominate. The proportion of light absorbed, 
transmitted, or reflected depends on the type of material and 
the angle of incidence of the light rays as measured from the 
perpendicular to the surface. Grazing angles higher than 55 de-
grees tend to reflect light. Even clear glass or plastic behaves 
as a mirror when the angle is high enough.

refLectance
The angle of incidence equals the angle of reflection. reflec-
tance is defined as the ratio of reflected light to incident light. 
The amount of absorption and reflection depends on the type 
of material and angle of light incidence. Specular reflection is 
reflection on a smooth surface such as polished glass or stone, 
where the angle of incidence equals the angle of reflection. Most 
materials reflect light in both specular and diffuse reflections.

The reflectance factor (rF) indicates how much of the 
light falling on a surface is reflected. It is equal to reflected 

TAble 17.2 MAxiMuM luMinAnCe rATioS For 
CoMForT
educational/Commercial Surfaces Average ratios

Between task and adjacent surroundings 1 to 1/3

Between task and more remote darker 
surfaces

1 to 1/10

Between task and more remote lighter 
surfaces

1 to 10

Between luminaires or fenestration and 
adjacent surfaces

20 to 1

Anywhere within normal field of view 40 to 1
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Vision
Vision is our ability to gain information through light entering 
our eyes. The eyes convert light into electrical signals that our 
brain processes. What we perceive is the work of the eye and 
brain, plus our associations, memory, and intelligence. The way 
in which an object is illuminated is critical to how we perceive it 
visually. What we see is the electromagnetic radiation rejected 
by an object and reflected to our eyes. We identify the color of 
an object by the color it reflects.

What an individual perceives visually depends on his   or 
her own subjective experience. However, people do share 
common experiences, especially within a culture, so similari-
ties exist.

Designers can manipulate a visual message to make it con-
sistent with or somewhat independent from the actual physical 
reality. Four factors that affect vision can be combined to cre-
ate the desired effect. These include illumination level, contrast, 
size, and time of exposure.

An adequate level of illumination for most visual tasks is be-
tween 10 and 20 fc (100 and 200 lux). The benefit of illumination 
above 30 fc (300 lux) decreases, and visual effectiveness may 
decline above 120 fc (1200 lux).

The contrast between a visual object and its background 
provides important information. Strong contrast (for example, 
100:1) is useful for emphasis.

The size of a visual object also matters. When the object 
size is reduced, it is necessary to increase illumination level, 
contrast, or time of exposure.

Because of the orientation of our eyes in our body, verti-
cal walls are the dominant surfaces in most spaces. In larger 
spaces, the ceiling and floor become more visually dominant.

HuMan eye and braIn
The eye focuses light on the light‐sensitive rod and cone cells 
of the retina. (See Figure 17.7) Cone cells give the eye its abil-
ity to see detail sharply, and also to detect color. The clarity 
of our center of focus is due to the cone cells packed into a 

MeaSurIng IntenSIty
The human eye’s visual sensitivity is measured based on a 
logarithmic progression; a ten‐times increase in intensity is per-
ceived as a doubling in lighting level. Doubling the actual energy 
level of lighting produces a barely perceptible change.

Lighting is measured in IP units including lumens, candle-
power, and footcandles, among others. Some of these are also 
SI units, while others have SI equivalents. (See Table 17.3)

Perception of brightness is a function of an object’s actual 
luminance, adaption of the eye, and brightness of adjacent 
objects. A person judges the brightness of an object relative 
to the brightness of its surroundings, rather than the absolute 
luminance as measured by a light meter. It is more important 
to design for people than for light meters. Consequently, it is 
generally more important to consider perceived brightness than 
objective luminance.

brightness constancy is the ability of the brain to ignore 
differences in luminance under certain conditions. For example, 
the ceiling of a room with windows at one end appears to have 
a constant brightness, when it actually varies. Lights generally 
appear brighter at night than by day, but register the same lu-
minance on light meter. Interior designers can use brightness 
ratios for designing interior lighting and surface reflectances. 
(See Table 17.4)

TAble 17.3 liGhTinG uniTS
iP unit Si unit Quality Measured Comments

Lumen (lm) Lumen (lm) Supply of light Unit of measurement of the flow of light energy, or luminous flux. 
Measurement applies to source only, not as eye sees light.

Candlepower (cp) or 
candela (cd)

Candela (cd) Luminous intensity Candlepower describes intensity of a light beam in any direction. 
One candela has approximate horizontal luminous intensity of a 
wax candle.

Footcandle (fc) Lux (lx) Illuminance Unit of lighting intensity. One footcandle is equal to 10.76391 lux.

Candela per square 
foot

Candela per m2 Luminance Objective measurement of a light meter, the amount of light 
reflected off an object’s surface that reaches the eye.

Lumens per square 
foot

Usually in lumens 
per m2

Luminous exitance Total lumens flux density leaving (exiting) a surface, irrespective 
of directivity or viewer position.

TAble 17.4 MAxiMuM reCoMMended 
briGhTneSS rATioS
ratio description example

3:1 Task to immediate 
surroundings

Paper to worksurface

5:1 Task to general 
surroundings

Paper to wall nearby

10:1 Task to remote 
surroundings

Paper to distant wall

20:1 Light source to large 
nearby area

Lighting fixture to 
adjacent ceiling
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SubjectIVe brIgHtneSS
The human eye detects luminance over a range greater than 
100 million to one. Vision at lower illumination levels improves 
after an adaptation time of 2 minutes for cones and up to   
40 minutes for rods; the process is much faster going from 
dark to light.

An increase in task brightness due to increased illumination 
at first results in significant improvement in visual performance, 
but additional increases have smaller and smaller benefits. 
When detail discrimination is not needed, improved illumination 
will not necessarily improve performance. Consequently, high 
brightness is an expensive way to improve visual performance. 
It is possible to increase performance by reducing background 
brightness, which increases the relative brightness of the task 
by increasing the eye’s sensitivity to light. This method is used 
in museum lighting, where keeping lighting levels low protects 
objects on display.

contraSt and adaPtatIon
Contrast is important for detailed visual tasks such as read-
ing print on paper. Visual efficiency falls off rapidly when the 
surrounding brightness is greater than that of the work. Opti-
mum work efficiency is achieved when background brightness 
is between 10 and 100 percent that of the work itself. Areas 
surrounding task locations should average one‐third the level of 
the task lighting, but not less than 20 fc (215 lux). Circulation 
and seating areas adjacent to task spaces but without visual 
tasks can have an average illumination level as low as 10 fc 
(108 lux).

Having the same levels of background and surface lumi-
nance is best, although a ratio of 3:1 is acceptable in most cir-
cumstances. High background luminance makes an object look 
darker, providing better outline detail discrimination. However, 
it also makes surface examination more difficult.

With lower background illumination levels, supplementary 
lighting provides visual interest and balance in a space. Supple-
mentary lighting can be used for selective highlighting of art-
work and accent wall segments. It can define the boundary of 
a space and help to create a visually coherent environment. 
Slight increases in the illumination of surroundings can brighten 
an otherwise gloomy space and enhance the appearance of ar-
chitectural materials.

As the brightness of surrounding surfaces increases, the 
eye becomes more sensitive to brightness differences. Reduc-
ing brightness differences as the general level of brightness is 
increased aids visual comfort. Low adaptation levels are useful 
in theaters, lecture halls, storage, and restaurants, where bright 
lights tend to be annoying.

agIng and tHe eye
Visual performance of healthy eyes decreases with age. People 
in their twenties tend to have visual performance four times 
better than people in their fifties, and eight times better than 
people in their sixties. Lens rigidity causes an increase in the 
minimum focusing distance with age.

tiny area near the fovea. rod cells are found farther from the 
fovea. Rods can operate at lower light levels than cones, but are 
less sensitive to bright light; they help us see at night. Because 
rods lack the color sensitivity of cones, the eye perceives color 
poorly in dim light.

It takes a large increase in light for the eyes to notice a 
small increase in brightness. The eye adapts very well to grad-
ual changes in brightness associated with daylighting, but full 
adaptation from dark to bright can take over 40 minutes.

The human eye is most sensitive to yellow‐green light, and less 
sensitive to colors such as red or blue.

VISuaL acuIty
Factors affecting visual acuity (sharpness of vision) include the 
task, the lighting condition, and the observer. (See Table 17.5) 
Basic visual tasks often require perception of low contrast, fine 
detail, and gradations of brightness.

Figure 17.7 human eye 
Source: Redrawn from Schematic_diagram_of_the_human_eye_en.svg.
png public domain.png
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TAble 17.5 ViSuAl ACuiTy FACTorS
Type Primary Factors Secondary Factors

Task Size, luminance 
(brightness), contrast 
(including color 
contrast), exposure 
time needed or given

Type of object (required 
mental activity, 
familiarity), degree of 
accuracy required, task 
(moving or stationary), 
peripheral patterns

Lighting 
condition

Illumination level 
(illuminance), disability 
glare, discomfort glare

Luminance ratios, 
brightness patterns, 
chromaticity

Observer Condition of eyes 
(health, age), adaptation 
level, fatigue level

Subjective impressions, 
psychological reactions
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when illumination levels are low and to complement skin tones. 
Cooler colors are preferred at high light levels and in hot cli-
mates. Use 5000°K (cold white) light when very accurate color 
judgments must be made.

object coLor
The color of a surface is due to the selective reflectance of 
the light falling on it. For example, red reflects most of the red 
light and small amounts of other colors. This produces prob-
lems when the source of illumination has a poor mix of colors. 
Where object color is very important, light source selection is 
critical. A full spectrum light source or one rich in the desired 
color should be used.

Light transmission through colored glass or plastic is similar 
to reflection. The dominant light color (for example, red) is primar-
ily transmitted, with most other colors absorbed. Consequently, 
white light passing through red appears the dominant color (red).

Black absorbs all light equally and reflects very little. White 
reflects all light equally and absorbs very little. An object that 
does not exhibit selective absorption is considered colorless.

In the normally aging eye, clouding of the cornea causes 
decreased sensitivity, resulting in opacity that dims and blurs 
the viewed image. Light entering the lens is scattered by in-
ternal reflections from opaque particles. The eye develops a 
heightened sensitivity to glare, intolerance of the blue through 
ultraviolet (UV) end of the spectrum, and an overall requirement 
for higher illuminace levels.

Lighting design for the aging eye requires very careful se-
lection and placement of luminaires, increasing use of indirect 
lighting, and special attention to the spectrum of light sources 
used. More light is needed, and sources of glare and peripheral 
light should be eliminated.

color and Light
What the eye perceives as color is related to the wavelength of 
the electromagnetic radiation. As mentioned previously, red is 
the longest wavelength in the visible spectrum and violet the 
shortest. White light is a mix of various wavelengths of visible 
light. Clear skylight, especially from the northern sky (in the 
Northern Hemisphere), is rich in the blue end of spectrum, mak-
ing it excellent for rendering of cool colors.

When red, green, and blue colored lights are mixed, they 
combine together in an additive process to create white light. 
Combining complementary colors (red plus blue‐green, blue 
plus yellow, green plus magenta) produces white or gray light. 
Unlike colored light, colored pigments are mixed by a subtrac-
tive process.

coLor teMPerature
Color temperature is based on the temperature to which a 
light‐absorbing body (blackbody) must be heated to radiate a 
light similar in color to the color of the source in question. The 
temperature is measured in degrees Kelvin.

The Kelvin temperature scale is introduced in Chapter 12, 
“Principles of Thermal Comfort.”

Color temperature is only used for light sources that pro-
duce light by heating, such as incandescent lamps. Other sourc-
es are assigned a correlated color temperature (CCT), for 
which there is no relation between their operating temperature 
and the color produced.

Color temperature is an expression of the dominant color, 
not the spectral distribution of various wavelengths. Two sourc-
es with the same color temperature can have noticeably differ-
ent appearances.

Color temperature is mostly used to describe the warmness 
or coolness of a light source. (See Figure 17.8) Low-color tempera-
ture (warm) light sources tend to render red colors well. High-color 
temperature (cool) light sources tend to render blue colors well.

People prefer white light sources between 3000°K (warm 
white) and 4100°K (cool white). Warmer colors are preferred 

Figure  17.8 Approximate color temperatures of common 
light sources 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 628
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being considered to address this issue. The National Institute of 
Standards and Technology’s Color Quality Scale (CCQS) is more 
rigorous than CRI; other new measurements are also achieving 
acceptance.

quantity of Light
Lighting design involves establishment of lighting power bud-
gets. IES energy standards encourage the use of daylighting 
and combined task/ambient lighting design where high levels 
of task lighting are required. (See Table 17.7) IES illumination 
standards include recognition of fatigue and task familiarity as 
factors in determining illumination levels. Differences in surface 
reflectance have a great impact. A single illumination scheme is 
often inadequate where there are widely different visual tasks.

glare
Glare is a result of excessive contrast, or of light coming from 
the wrong direction. It can occur due to daylighting or as a re-
sult of lighting fixture selection and location. Glare results in 
discomfort and eye fatigue as the eye repeatedly readjusts from 
one lighting condition to another.

direct (discomfort) glare is glare caused by light sources 
in the field of vision. (See Figure 17.9) Reflected glare (veiling 
reflection) is reflection of a light source in a viewed surface. 
The severity of glare is affected by the adaptation level of the 
eyes, the apprehended size of the glare source, luminance ra-
tios, room size and surface finishes, and the size and position 
of lighting fixtures and windows.

Direct sunlight or reflected sunlight from bright, shiny sur-
faces can be disturbing or even disabling, and should not be 
permitted to enter the field of view of the building’s occupants. 
The contrast between the bright outside environment viewed 
through a window and the darkness of the interior space can 
produce glare. Windows or skylights within the normal field 
of  vision of the building’s occupants can appear distractingly 
bright next to other objects.

The perceived color of an object depends heavily on the 
illuminating source. The illuminant must contain the color of the 
object in order for the object’s color to be seen.

The color of a light source affects furnishings, paints, and pre-
finished construction materials such as carpets and floor tiles. 
Interior designers need to choose colors under the proper il-
lumination type.

reactIonS to coLor
As described earlier, color constancy is the ability of the brain 
to eliminate some of the differences in color due to differences 
in illumination, so that we can recognize objects under the var-
ied colors of lighting sources. Light colors appear lighter than 
dark colors even with the same measured luminance. Color can 
define spaces within an area of equal illumination. All colors ap-
pear less saturated when illumination is high.

Color constancy is not possible when more than one type of 
light source is used simultaneously, so it is best not to mix very 
different light sources, or to use clear window glazing adjacent 
to tinted window glazing.

coLor renderIng Index (crI)
The effect of light sources on color appearance is called color 
rendition. The color rendering index (Cri) indicates the de-
gree to which the perceived colors of objects illuminated by 
a test source conform to the colors of the same objects as 
illuminated by a reference source. (See Table 17.6) The CRI is 
a measure of how closely the illuminant approaches daylight 
of the same color temperature. The CRI values of two lighting 
sources cannot be compared unless their color temperatures 
are equal or quite close.

The color rendering index has some limitations, and should 
be used with care. It can only compare light sources of the 
same color temperatures. Even then, a specific color may not 
appear natural. Actual tests, examining the objects with the 
type of light source by which they will be illuminated, work best 
for color selection or matching.

The CRI is unreliable when applied to light emitting diodes 
(LEDs), which today can reproduce color better than incandes-
cent lamps. New measurements and classifications are currently 

TAble 17.6 Cri rATinGS
Cri rating description

CRI 100 Daylight; perfect match with standard

CRI greater than 90 Where color is important

CRI 90 Quite good

CRI above 80 Wherever possible

CRI 70 May be acceptable for some purposes

CRI below 60 Unacceptable in most situations

TAble 17.7 ieS reCoMMended illuMinAnCe 
TArGeTS in FooTCAndleS
Area or Activity under 25 25 to 65 over 65

Passageways 2 4 8

Conversation 2.5 5 10

Grooming 15 30 60

Reading/Study 25 50 100

Kitchen Counter 37.5 75 150

Hobbies 50 100 200

Source: Light in Design—An Application Guide, IES Consumer 
Publication CP‐2‐10
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Direct glare is generally controlled by keeping the bright-
ness of luminaires, ceiling areas, and walls below certain val-
ues. (See Table 17.8) Unavoidable glare sources should be lo-
cated as far from workstations or the field of vision as possible. 
(See Figure 17.10) Light sources should be spread out while 
maintaining necessary illumination levels.

refLected gLare
Reflected glare (veiling reflection) happens when a light source 
is reflected in a surface within view. Reflected glare becomes a 
problem when the viewer is looking downward at a worksurface. 
Veiling reflections involve both the source and the task, with 
the principal light sources near observer being the main con-
tributors. Veiling reflections are worse when the incident angle 
equals the viewing angle.

The terms “reflected glare” and “veiling reflections” can be used 
interchangeably. People often use the former term when refer-
ring to specular surfaces, and the latter when referring to glare 
on dull or matte finish surfaces.

There are two basic methods to avoid glare and reduce 
brightness contrasts: sensitive interior design and daylighting 
controls.

Daylighting controls and shading are covered in Chapter 6, 
“Windows and Doors.” Issues involving glare are introduced 
there as well.

Interior design strategies to control glare begin with as-
signing tasks where adequate natural light is available. Surface 
brightness should change gradually from outside to inside. Use 
light colors and high reflectances for window frames, walls, ceil-
ings, and floors. Incoming direct and reflected sky light hits the 
floor first, while reflected sunlight hits the ceiling first. Ideally, 
furniture should be oriented so that daylight comes from the left 
side or the rear of the line of sight. Varying the direction and in-
tensity of light sources and creating soft, overlapping shadows 
helps to diffuse light.

Use supplemental electric lighting in dark areas, rather than 
oversupplying daylight elsewhere for an adequate level. Using 
light colors and high reflectances far from openings increases 
light in dim areas.

dIrect gLare
Direct glare occurs when the light source is within the field of 
vision. Direct glare depends on the brightness, size, and posi-
tion of each light source in the vision field. It is a response to 
the attraction of the eye to the highest luminance (brightness) 
in a scene. The repeated alternation of the eye from the overall 
scene to the brightest point causes visual fatigue.

Figure 17.9 Fields of vision 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 599
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TAble 17.8 MiniMizinG direCT GlAre
Surface reflectance

Ceiling 80 to 90 percent

Walls 40 to 60 percent
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impinges on a particular point and their relative intensities. The 
level of diffusion can be judged by the depth and sharpness of 
shadows. Well‐diffused illumination from multiple sources and 
reflections from high room surfaces produce soft multiple shad-
ows that do not obscure visual tasks.

Adding some directional lighting increases interest by pro-
ducing shadows and brightness variations. Highly directional 
grazing lighting is required to examine textures or surface im-
perfections.

accentS and SParkLe
Visual attention can be drawn by high brightness. Sparkle is 
generated by small, high‐brightness sources creating points of 
interest and visual excitement.

dayLIgHtIng
Daylighting improves energy efficiency by minimizing electricity 
use for lighting and reducing the associated heating and cooling 
loads. Prioritizing the use of daylight is an important element of 
sustainable design, acting to limit global warming by reducing 
carbon emissions.

Research shows that daylight is an important factor in hu-
man behavior, health, and productivity. Windows add views and 
connect us with outdoor conditions. However, steps must be 
taken to control glare.

Daylighting can save around half of all lighting energy used 
by buildings, and up to 70 percent for offices and schools, pro-
viding significant reductions in total energy consumption.

European building codes require access to both views and day-
lighting, as do LEED credits.

History of daylighting
Early artificial light sources were historically both poor quality 
and expensive. Until around 1950, when inexpensive fluores-
cent lighting became available, all buildings relied on daylight.

Medieval European structural innovations such as Gothic 
vaults made very large windows possible. Until the twentieth 
century, buildings with E‐ and H‐shaped floor plans were rarely 
more than 60 feet (18 m) deep so that no point was more than 
30 feet (9 m) from windows that provided ventilation and day-
light. Today’s lower ceilings allow daylight to reach about 15 
feet (4.5 m).

In the twentieth century, electric lighting seemed easier to 
design and use, allowing the architect to ignore the impact of 
window locations for daylighting. The 1970s energy crisis led to 
a re‐examination of the potential of daylighting.

characteristics of daylight
Sunlight is a highly efficient source of illumination, and a com-
paratively cool color source. Daylight varies with the season, 

To reduce veiling reflections, minimize reflected glare 
through physical arrangement of sources, task, and observer. 
The optimal position for the light source is usually to the left 
and slightly forward of the task. (See Figure 17.11) Minimizing 
objectionable brightness eases eye adaptation. Selecting light 
sources designed for minimum glare reflectance also helps as 
well as controlling the quality or nature of the task to accom-
modate reflections.

Lighting effects
Patterns of light and shadow resulting from illumination some-
times create unexpected lighting effects. Computer modeling 
for daylighting can help reveal these.

dIffuSIon
diffusion deals with the degree to which light is shadowless. 
It is a function of the number of directions from which light 

Figure 17.10 Glare zones 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, Mechanical 
and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 612
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available depends on how much of the sky can be viewed 
through windows and skylights, and the relative brightness of 
those parts of the sky. The sky at the horizon is around one‐
third as bright as directly overhead, so more light is avail-
able nearer to the ceiling. The ground may reflect significant 
amounts into windows directly or by reflection on interior 
surfaces.

The shape and surface finishes of a space have an impact 
on daylighting. Tall, shallow spaces with high surface reflec-
tances are brighter than low, deep rooms with dark, cold 
surfaces and windows only at the narrow end. It takes fewer 
bounces off the walls for light to get deep into a room when 
the windows are high on the wall. High windows distribute light 
more evenly to all walls and allow light to penetrate into the 
interiors of large, low buildings. The ceiling and back wall of the 
space are more effective than the side walls or floor for reflect-
ing and distributing daylight. Tall objects such as office cubicle 
partitions or tall bookcases can obstruct light both direct and 
reflected light.

The level of daylight illumination diminishes as it goes 
deeper into the interior space. In order to reduce glare, you 
need to design a gradual transition from the brightest to dark-
est parts of the space. The amount of light about 5 feet (1.5 
meters) from the window should not be more than ten times 
as bright as the darkest part of the room. In a room with win-
dows on only one wall, the average illumination of the darker 
half of the room should be at least a third of the average il-
lumination level of the other half with windows. It is best to 
allow daylight from two directions for balance, preferably at 
the end of the room farthest from the main daylight source. 
(See Figure 17.12)

Light shelves are used to reflect sunlight into building interi-
ors. (See Figure 17.13) They are part of the exterior architecture 
of a building, and must be planned as such. They work best in 
spaces with high ceiling reflectances.

the time of day, the latitude, and weather conditions. More sun-
light is available in summer than in winter, and the day’s sun 
peaks at noon. An overcast day is very different from a day with 
a clear sky, and conditions can change several times during a 
day. Most US climates have enough suitable days to design for 
both overcast sky and clear sky with sunlight. Of course, sun-
light is unavailable until dawn and after dusk.

On a bright day, sunlight provides illumination levels fifty 
times as high as the requirements for artificial illumination. Di-
rect sun may be desirable for solar heating in winter, but the 
glare from direct sun must be managed. Indirect sunlight pro-
duces illumination levels between 10 and 20 percent as bright 
as direct sun, but still higher than needed indoors.

HuMan factorS and dayLIgHtIng
Daylight helps us relate the indoors to the outdoors. Colors ap-
pear brighter and more natural in daylight. The variations in light 
over the course of a day and in varying weather conditions stim-
ulate visual interest. People need full spectrum light, which is a 
main characteristic of daylight. Without daylight, people tend 
to lose track of time, are unaware of weather conditions, and 
may feel disoriented. Views allow us to look into the distance to 
avoid eye fatigue. The most preferred view includes sky, hori-
zon, and ground.

Studies of classrooms, windows, daylight, and performance 
by the Heschong Mahone Group (Windows and Classrooms: A 
Study of Student Performance and the Indoor Environment, 
CEC Pier 2003) have shown that students with more daylight-
ing in their classrooms progressed faster on math and read-
ing tests than those with less daylighting. Sources of glare 
negatively impact student learning, so control of sun penetra-
tion with windows and blinds is important. Research on retail 
stores found that daylight correlated with increased monthly 
sales (Heschong Mahone Group, Skylighting and Retail Sales, 
PG&E 1999).

daylighting design
“Daylighting design is part of the fundamental building design 
from the first line drawn.” (Norbert Lechner, Heating, Cooling, 
Lighting: Sustainable Design Methods for Architecture (3rd ed.), 
Wiley 2009, page 394)

Daylighting has a greater impact on building architecture 
than electric lighting, affecting fenestation, building orientation, 
and shape. Historically, building orientations and configurations 
worked with window openings and interior finishes to ensure 
sufficient daylight in interior spaces.

There are three components of daylight in a building: the 
sky component, the externally reflected component, and the 
internally reflected component. The work of interior designers is 
critical to the internally reflected daylight in a building.

The quality and quantity of daylight depends on sky condi-
tions and determines how it can be used. When the sun does 
not penetrate a room directly, the amount of natural light 

Figure 17.12 bilateral daylighting 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 251

(a) Opposite walls

(b) Adjacent walls

Shade

Shade
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An open space plan helps bring light into the building’s in-
terior. Glass partitions help this, but may not provide adequate 
visual privacy. Translucent materials, venetian blinds, or glass 
located only above eye level can remedy this.

Light colors bring light further into the interior and diffuse 
to reduce dark shadows, glare, and excessive brightness. In de-
scending order importance, high reflectivity is important on the 
ceiling, back wall, side walls, floor, and small pieces of furniture, 
in order to bring daylight into the space.

daylighting and fenestration
In a daylighting design, heat and light are controlled through the 
form of the building. For example, in a Middle Eastern mosque 
located in a sunny climate, limited sunlight enters the building 
through small windows high in a decorated ceiling, and then is 
diffused as it bounces off interior surfaces. The large windows 
in a Western European cathedral, on the other hand, flood the 
interior with light colored and filtered through stained glass. 
Direct sun can cause a large quantity of heat gain through un-
shaded windows; east and west windows create glare at low 
sun altitudes in the morning and evening, and add unwanted 
summer heat gain. To take advantage of sunlight without an 
excess of heat or glare, the building should be oriented so that 
windows are on the north and south sides. American architect 
Frank Lloyd Wright shaded the west and south sides from the 
most intense sun with deep overhangs.

True daylighting is actually passive solar design, involving 
the conscious design of building forms for optimum illumination 
and thermal performance. It is most challenging in workspaces 
with varied and demanding tasks, and least challenging in public 
spaces where comfort standards are less stringent and con-
trolled lighting is less important.

For information on passive solar design, see Chapter 2, “Design-
ing for the Environment.” For more information on windows and 
skylights see Chapter 6, “Windows and Doors.”

Interior spaces need high ceilings and highly reflective room 
surfaces for the best light distribution. The sun is constantly 
changing in direction and intensity. Light bouncing off the 
ground outside ends up on the ceiling. Ground reflected light 
is both bright and diffuse, but adjacent buildings or trees often 
shade the ground.

dayLIgHtIng deSIgn ProceSS
Planning for daylighting involves a complex systems integration 
process. During the conceptual phase, the architect designs the 
building’s form, orientation, layout, and major apertures. In the 
design development phase, the architect, interior designer, and 
engineers specify materials and interior finishes and zoning for 
integration with electric lighting. They also coordinate control sys-
tems with occupancy schedules and commissioning procedures. 
The process continues during occupancy with fine‐tuning and 
maintenance of systems. Post‐occupancy evaluation verifies levels 
of satisfaction, visual comfort, and lighting system performance.

Many daylighting simulation programs provide realistic visual 
daylighting output, with varying degrees of accuracy.

Daylighting must be integrated with the view, natural air 
movement, acoustics, heat gain and loss, and electric lighting. 
Daylighting will not save energy unless lights are turned off, so 
lighting zones must be circuited separately, with lights turned 
off or dimmed when the natural light is adequate and left on 
where proper amounts of daylight are not available.

Electric lighting should be developed as a supplement to 
daylighting. Usually daylighting is used for ambient lighting, with 
user‐controlled electric lighting for task lighting. As a project 
develops, it is important to continually verify that lighting in-
tentions are being fulfilled, and if not, to adjust the design or 
confirm that any changes are appropriate.

Because human visual perception is very adaptable, it is 
advisable to design to relative rather than absolute levels of 
illumination. Daylight is not evenly distributed, but even on an 
overcast day and away from window, daylight is usually higher 
than the recommended minimum. The daylight factor (DF) is the 
ratio of interior illuminance at a given point to available outdoor 
illuminance. (See Table 17.9)

Lighting designers use daylight factor rather than footcandles 
when referring to daylight illumination.

Summer sun

Winter
sun

Light shelf

Reflected
daylight

Figure 17.13 light shelf

TAble 17.9 dAyliGhT FACTorS

Types of Spaces
recommended 
Minimum dF

Offices, classrooms 2

Corridors, bedrooms 0.5

Lobbies, reception areas 1

Art studios, galleries 4 to 6

Industrial, laboratories 3 to 5
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light hits the floor first, while reflected sunlight hits the ceiling 
first. Light colors and higher reflectances on surfaces far from 
openings help increase the light in dim areas. By placing win-
dows adjacent to light colored interior walls, reflected light goes 
through a series of transitional intensities rather than creating 
an extremely bright opening surrounded by unlit walls.

toPLIgHtIng
Lighting from above offers the best distribution of diffuse sky-
light, with deeper penetration and better uniformity of daylight. 
Lighting through the roof using skylights produces fairly uni-
form illumination over large interior areas. Horizontal openings 
receive much more light than vertical ones, but with greater 
intensity in summer than winter; they are also more difficult to 
shade. Vertical glazing on the roof using clerestories, monitor 
windows, and sawtooth arrangements works better.

Toplighting provides more light per square foot with less 
glare than sidelighting. However, where the direct sun enters a 
skylight, it may strike surfaces and produce glare and fading. 
Unshaded skylights gain heat from summer sun and lead to win-
ter night heat loss.

Clerestories provide balanced daylight throughout the 
changing seasons better than skylights. Clerestories use stan-
dard weather‐tight window constructions. In the Northern Hemi-
sphere, south‐facing clerestories provide the most heat gain in 
winter.

SkyLIgHtS
Skylights allow daylight to enter an interior space from above. 
Skylights are typically metal‐framed units preassembled with 
glass or plastic glazing and flashing. They come in stock sizes 
and shapes or can be custom fabricated. (See Figure 17.15)

Splaying the sides of a skylight diffuses daylight into a 
space. Higher ceilings with skylights yield more surface area 
for light to diffuse; this works best with a skylight well above the 
field of view. Position a reflector below a skylight, clerestory, or 
roof monitor window to redirect sunlight and diffuse light onto 
another surface.

Daylighting is generally broken into two categories: side-
lighting through windows in walls, and toplighting through sky-
lights in roofs and clerestory windows high up on walls.

SIdeLIgHtIng
Sidelighting admits light and allows views of the exterior during 
the day, and of the interior at night. Sidelighting varies greatly 
depending on its orientation and the season. Sidelighting is of-
ten best for desk tasks as veiling reflections can be avoided 
with proper worker orientation.

Lighting from two walls evenly distributes light and reduces 
glare. Light from high on a wall penetrates more deeply into 
a space for more uniform distribution. Placing windows close 
to adjacent walls reduces contrast at the window edge and re-
flects light further into the space; it may also reveal desirable 
sunlight patterns and colors. Splaying the walls of an aperture 
causes light to wash across a longer or rounder surface area 
around a window, reducing contrast, increasing visual comfort, 
and offering less potential for glare.

Once inside the building, reflected light can reach indoor 
points directly or by reflecting off other interior surfaces. These 
successive reflections can bring daylight more deeply into the 
space.

As a rule of thumb, you can use daylighting for task light-
ing up to a depth of two times the height of the window. The 
ideal height from the top of the window to the floor should be 
about one‐half the depth of the room if you want to get maxi-
mum daylight penetration and distribution without glare. (See 
Figure 17.14)

Highly reflective surfaces absorb less light at each reflec-
tion, and pass more to the room’s interior. Surface brightness 
should change gradually from the outside to the inside. Light 
colored exterior surfaces and window frames gather more re-
flected light in through windows. Frames that are splayed at an 
angle help reduce uncomfortable contrasts between the bright 
outdoor views and darker interiors.

Select interior surface colors and reflectances according to 
the primary source of incoming light. Direct and reflected sky 

Figure 17.14 Window proportions for daylighting

½ depth of room Figure 17.15 Skylights 
Source: Redrawn from Francis D.K. Ching, Building Construction 
Illustrated (5th ed.), Wiley 2014, page 8.36

(a) Vault (b) Pyramid

(c) Dome (d) Ridge
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See Chapter 6, “Windows and Doors,” for exterior and interior 
shading strategies and window treatments.

eLectrIc LIgHtIng
Electric lighting design has significant thermal and visual as-
pects. Design also considers the integration of lighting with 
architecture, acoustics, structural concerns, HVAC systems, 
electrical systems, wayfinding, and budget.

It is not the purpose of this book to try to cover all the facets 
of electric lighting design to the degree that a full semester light-
ing course would. Instead, we look at how current lighting design 
practices affect the relationships among architects, engineers, 
lighting designers, and interior designers. We also cover the 
selection of lighting sources and controls, and consider fixture 
requirements and lighting system maintenance.

History of electric Lighting
British inventors had been experimenting with electric lights for 
more than 50 years before Edison invented the light bulb. By the 
end of 1882, over two hundred Manhattan individual and busi-
ness customers were using more than three thousand electric 
lamps, each with an average bulb life of only 15 hours. Thanks 
to decreasing electric rates and word of mouth, by 1900, ten 
thousand people had electric lights. By 1910, the number was 
over three million.

In 1934, Dr. Arthur Compton of General Electric developed 
the first practical fluorescent lamp in the United States. By 1954, 
energy‐saving fluorescent tubes had edged out incandescent 
lamps for commercial use.

Today, inefficient, heat‐producing incandescent lamps are be-
ing replaced by solid‐state light emitting diodes (LEDs) and long 
fluorescent tubes are yielding to compact fluorescents. Energy‐
efficient LEDs are now available in virtually all types of fixtures.

electric Lighting design
The goal of electric lighting design is to create an interior that is 
both functional and aesthetically pleasing. Lighting levels must 
be adequate for seeing the task at hand. By varying the levels 
of brightness within acceptable limits, a lighting design avoids 
monotony and enhances perspective effects.

Electric lighting design is by its nature interdisciplinary, with 
an especially strong connection with HVAC and fenestration. It 
is also subject to constraints of cost. The architect determines 
the amount and quality of daylighting admitted to the interior 
as well as the architectural nature of the space to be lighted. 
The involvement of the lighting designer and interior designer is 
highly valuable in this aspect of the building’s design.

eLectrIc LIgHtIng deSIgn ProceSS
The designer of the lighting prepares specifications and draw-
ings, and may handle the ordering of fixtures and controls. It is 

A well‐designed and installed horizontal skylight with a 
domed surface can bring daylight into an interior space and 
provide a view of sky. Skylights can be mounted flat or angled 
with the slope of a roof. It is important to install them correctly 
to avoid leaks. Controlling brightness and glare may require lou-
vers, shades, or reflector panels.

Angled skylights on a north‐facing (Northern Hemisphere) or 
shaded roof avoid the heat and glare associated with direct sun. 
They bounce sunbeams off angled interior ceilings to further 
diffuse brightness. Angled skylights may offer a view of sky and 
trees from the interior.

Horizontal skylights get less of the low‐angle winter sun 
than angled skylights. They admit the most heat in summer and 
need shades to avoid adding to the cooling load. Horizontal sky-
lights do not collect much solar heat in winter, may be covered 
by snow, and may leak. They work best in overcast conditions.

Other toplighting options include tubular skylights (light 
pipes), roof monitors, roof windows, and sloped glazing walls.

See Chapter 6, “Windows and Doors,” for information on tubu-
lar skylights and roof monitor windows and other fenestration  
options.

HeLIoStatS and trackIng deVIceS
A heliostat is a dish‐shaped mirror that focuses sunlight onto a 
stationary second mirror. (See Figure 17.16) A heliostat dynami-
cally readjusts the primary mirror to track the sun and maximize 
the capture and use of sunlight at all times of the day. Collected 
light is distributed, often with a light pipe. A heliostat requires 
maintenance to prevent dirt and dust accumulation from affect-
ing its performance.

Figure 17.16 heliostat
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lighting levels that provide focus on a specific object should not 
be greater than five times the ambient level.

Expectations of occupants may lead to a room with low general 
illumination to be visually perceived as inadequately lit, even 
when the task is adequately lit.

Exposed electric lamps can delineate space, but their 
brightness can be a problem. Indirect lighting conceals bright 
sources from view, while bouncing light off a room surface (of-
ten the ceiling) and reflecting it onto the desired plane.

Increasing the illumination level can result in an apparent 
increase in the physical dimensions of a space. Accenting a wall 
can change the apparent room proportions.

Task lighting is often provided by small, portable lighting 
fixtures that can be moved and turned on and off as needed. 
Worker‐adjustable task lights increase a user’s feeling of control 
and comfort. Designing task lighting as an integral part of the 
lighting system requires complex coordination of illumination 
requirements, task location and orientation, and lighting equip-
ment. Sometimes it is more energy-efficient to look at improv-
ing the way a difficult visual task is done than to provide higher 
levels of lighting.

When a space is used for two or more totally distinct activi-
ties with widely varying lighting requirements, it is necessary to 
design a separate lighting system for each function, using as 
much equipment in common as possible.

The height and angle of the work plane affects the design 
of task lighting. The work plane is usually horizontal, but some 
merchandising displays and library stacks are vertical, and 
some work surfaces are at other angles.

The size of luminaires should correlate with the room size 
and ceiling height. Fluorescent fixtures greater than 2 by 4 feet 
(610 by 1219 mm) should not be used in ceilings lower than 10 
feet (3.1 m) without incorporating a surface pattern to minimize 
their apparent size.

A regular spacing pattern produces uniformity of illumina-
tion. Circulation areas and waiting areas in transportation ter-
minals and other large spaces can employ perimeter lighting 
with supplemental lighting to serve as directional markers for 
wayfinding.

Wall lighting patterns are always in the direct line of sight. 
Avoid creating scallops, spots, irregular gradients, and unnec-
essary points of sparkle that can become unwanted dominant 
visual elements.

Concentrated pools of light in spaces with low ambient light 
isolate illuminated areas. This can help define territories in res-
taurants, work, and school areas within larger spaces.

eLectrIc LIgHt SourceS
Probably the most important decision when designing electric 
lighting is the light source. The choice of lamp affects color, 
heat generation, energy use, maintenance, and cost.

often necessary to address several stages of the design pro-
cess simultaneously. Fixtures often have long delivery times, so 
advance planning is necessary. When fixtures arrive, their many 
parts must be inspected and accounted for. Although fixtures 
may be one of the last things to be installed, they often need to 
be one of the first things to be planned and ordered.

Electric lighting design begins with task analysis to assess 
difficulty, time factors, type of user, cost of errors, and any 
special requirements. Preliminary design evaluates the need for 
general, local, or supplementary lighting, choices of sources 
and systems, architectural lighting elements, daylighting, and 
ambiance. Detailed design involves decisions on fixtures and 
ceiling systems, degrees of nonuniform lighting, and use of 
fixed or movable lighting. It also involves making detailed calcu-
lations and considering maintenance requirements. Evaluation 
looks at the design’s energy use, construction and operating 
costs, and life cycle costs.

The interior designer or lighting designer typically prepares 
a lighting plan and schedule that indicates fixture locations and 
selections. (See Figure 17.17) They then must coordinate their 
selections with the HVAC engineers, who will monitor power 
loads. The resulting detailed design may still involve relocating 
a space or changing lighting or HVAC system details.

After installation, light levels must be fine‐tuned. The indi-
viduals responsible for day‐to‐day use must be trained in using 
controls, and those involved in maintenance must understand 
lamp types and replacement requirements. The designer of the 
lighting can expect to make additional visits after installation 
until everything is working properly.

LIgHtIng deSIgn conSIderatIonS
High levels of illumination today are typically only used for ar-
eas where tasks are actually performed, with ambient lighting 
for general levels of illumination. Illumination for general light-
ing should be at least one‐third as high as task levels. Accent 

Figure 17.17 Typical interior design electrical and lighting 
plan 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, p. 241
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characteristics of Sources
Fixture efficiency is directly affected by temperature. efficacy 
is the ratio of lumens per watt of electricity used. (See 
Table 17.10) It measures the relationship between the amount 
of light and the amount of heat produced by both daylight and 
electric light sources. Daylight introduces less heat per lumen 
than electric sources.

The color appearance of any object is strongly influenced by 
the illuminating lamp’s spectrum and color temperature. Visible 
light and the colors it comprises make up only a small amount 
of the electromagnetic spectrum. (See Figure 17.18)

Chromaticity, the relative proportions of each of the 
three primary colors (red, green, and blue) required to pro-
duce a given illuminant color, is the basis of the Cie color 
system, the internationally accepted standard for designating 
illuminant color.

A lamp’s color temperature indicates its own color ap-
pearance, for example yellow, white, or blue‐white. The color 
temperature is also usually a guide to the colors in which it 
has the most energy. Color temperature determines whether 
the light source is regarded as warm, mid‐range, or cool; the 
higher the color temperature, the cooler the source. (See 
Table 17.11)

Today, LEDs are designed to produce almost any color, in-
cluding several types of white. Some can even change colors.

Selecting Light Sources
Until recently, incandescent lamps were the most common light 
sources in residential interiors. Fluorescent lamps were domi-
nant in commercial and institutional spaces. (See Table 17.12) 
Today, light emitting diodes (leds) are taking over much of 
the market, along with compact fluorescent lamps (CFls).

TAble 17.10 eFFiCACy oF eleCTriCAl liGhT 
SourCeS
lamp Type (*with ballast) efficacy (lm/W)

Incandescent (15 to 500W) 8 to 22

Tungsten‐halogen (50 to 1500W) 18 to 22

Fluorescent (15 to 215 W)* 35 to 80

Compact fluorescent* 55 to 75

Mercury vapor (40 to 1000W)* 32 to 63

Metal halide (70 to 1500W)* 80 to 125

High pressure sodium (35 to 100W)* 55 to 115

Induction with power supply 48 to 70

Sulfur with power supply 90 to 100

LED screw base 55 to 102

LED Par 20 29

LED par 30 60

TAble 17.11 Color TeMPerATureS

light Source Color Quality
Color Temperature 

(°K)

Standard 
incandescent lamp

Medium 2600 to 3000

Fluorescent lamp Warm 2700 to 3000

Mid‐range or 
mixed palettes

3500

Cool palettes 4100

Cool white 4250

Figure 17.18 electromagnetic spectrum

Considerations involved in selecting light sources include the 
lighting effect desired, color rendition, energy consumption and illu-
mination level (lamp efficacy), maintenance costs, and initial costs.

Lamps are identified by their particular shape (letter) and 
size (number based on " unit). Some letters have a connection 
with lamp shape; others do not. (See Table 17.13)
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IncandeScent LaMPS
The light from an open fire, a candle, or an oil lamp is incandes-
cent, as is the glowing filament of a traditional light bulb. Up to 
90 percent of the electrical energy used by an incandescent 
lamp is lost to heat, and only the remaining 10 percent is emit-
ted as light. The rejected heat increases the building’s cooling 
load. Incandescent lamps generally have short lives, with about 
750 hours being standard. Common incandescent lamp shapes 
are included here as they continue to be used for various light 
sources. (See Figure 17.19)

As part of the Energy Independence and Security Act of 
2007, incandescent lamps that produce 310 to 2600 lumens 
have been phased out in the United States as of 2014, with 
lamps outside that range exempt. By 2030, all lamps less than 
70 percent efficient will be phased out.

Several classes of specialty lights are exempt from the 
Act, including appliance lamps, rough service bulbs, three‐way, 
colored lamps, stage lighting, plant lights, globes, candelabra 
lights under 60 watts, outdoor post lights less than 100 watts, 
nightlights, and shatter resistant bulbs. By 2020, additional re-
strictions become effective requiring all general‐purpose bulbs 

TAble 17.12 lAMP TyPeS And ChArACTeriSTiCS
lamp Type description Wattage range hours of life Color rendition

Incandescent Standard 40 to 100W 10 to 1500 750 to 3500 Excellent

Tungsten halogen 100 to 1500 2000 to 12,000 Excellent

Fluorescent Standard 15 to 100 9000 to 20,000+ Very good

High‐output 60 to 215 9000 to 20,000+ Very good

High‐intensity discharge (HID) Standard mercury vapor 40 to 1000 12,000 to 24,000+ Poor

Metal halide 175 to 1500 7500 to 20,000 Very good

High‐pressure sodium 35 to 1000 12,000 to 24,000+ Fair to good

Low‐pressure sodium 18 to 180 12,000 to 18,000 Poor

TAble 17.13 lAMP ShAPe idenTiFierS
letter lamp Shape

A Discontinued for incandescents in the United 
States; similar available in LEDs and CFLs

BR Bulged reflectors; replacing less‐efficient R lamps; 
flood or spot

G Globe

MR Mini‐reflector; flood or spot

PAR Parabolic reflectors with heavy glass bulb for 
inside or outside use; flood or spot

PS Pear shape

R Reflectors with thin glass bulb; flood or spot

T Tube

Figure 17.19 Common incandescent lamp bulb shapes
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Fluorescent lamp output requires only about 25 percent of 
the energy of a comparable incandescent lamp. Fluorescent 
lamps last up to 24,000 hours, decreasing the need for replace-
ment. They operate best between 41° and 77°F (5° and 25°C). 
Compact fluorescent lamps fit into fixtures originally designed 
for incandescent lamps. (See Figure 17.21)

Today’s fluorescent lamps are either rapid‐start and instant‐
start; older preheat lamps with a separate starter are now con-
sidered obsolete. The starting sequence and continued opera-
tion of a fluorescent lamp depends on its ballast. Fluorescent 
lamps do not turn on immediately, and there is a delay until the 
full output is reached.

Dimming a fluorescent lamp system lowers energy con-
sumption and allows flexibility in lighting levels. Dimming ballasts 

to produce at least 45 lumens per watt, which is similar to cur-
rent compact fluorescent lamps.

PAR tungsten‐halogen and reflector lamps began to be 
phased out starting in 2012. (See Figure 17.20) PAR or reflector 
bulbs 40 watts or higher are no longer manufactured for use in 
the United States. Certain reflector flood lamps are affected by 
the Act, while others are exempted.

gaSeouS dIScHarge LaMPS
Gaseous discharge lamps include fluorescent and high-intensity 
discharge lamps. They function by producing an ionized gas in 
a glass tube or container. They offer long life and high efficacy.

Gaseous discharge lamps require ballasts to trigger the 
lamp with a high ignition voltage and to control the electric cur-
rent for proper operation. The ballast is essentially an electri-
cal transformer, and usually contains coiled wires that adjust 
voltage and limit current. Electronic ballasts have replaced the 
older magnetic ballasts that may still be in use in some existing 
buildings. Matching of ballast to lamp is critical to successful 
lamp operation.

fLuoreScent LaMPS
Fluorescent lamps come in two basic types: linear and com-
pact. Linear fluorescent lamps are tubular. High output and 
standard T8 and T5 (26 and 16 mm) lamps being most popular, 
with the older T12 (38 mm) lamp still available. Compact fluores-
cents are available as single‐tube, double‐tube, and triple‐tube 
lamps that fit dedicated sockets. Other specialized types are 
also available. (See Table 17.14)

An electrical discharge between the ends of the fluorescent 
tube vaporizes a small amount of mercury vapor and excites 
it into discharging ultraviolet (UV) light to a phosphor coating 
the inner surface of the tube. The phosphor glows, with the 
color of the light it emits depending upon the composition of 
the phosphor.

Fluorescent lamps are available in many colors. (See Table 
17.15) Trichromic phosphor fluorescent lamps combine green, 
blue, and red for a highly efficient white light. They can be made 
cooler or warmer by changing the proportions of the primary 
colors.

Figure 17.20 Tungsten‐halogen lamp shapes

(a) Tungsten-halogen lamp

(b) MR multifaceted 
reflector bulb for
controlled beam 
spread

TAble 17.14 FluoreSCenT lAMPS
Type description

Standard 1½" (38 mm) 
diameter, 48" (1219 mm) long

Newer narrower lamps are 
more efficient.

T12, T8, and T4: 1½", 1", and 
" (38, 25, 16 mm) in diameter

Lengths 15" and 18" (381 and 
457 mm) and one‐foot incre-
ments from 2’ to 8" (0.6 to 2.4 
meters).

U‐shaped and circular To fit square fixtures. Similar 
to standard.

Compact fluorescent lamps 
(CFLs)

Lamp with integral ballast. 
Many forms.

High output (HO): " (16 mm) 
diameter

Twice the output of T8. 
Narrow diameter used in low‐
profile indirect luminaires.

Low‐energy fluorescent lamps As replacements for standard 
lamps. Higher cost, need 
special ballasts, shorter life, 
dimming problems.

Ecologically friendly lamps Low mercury content; can be 
recycled.

TAble 17.15 FluoreSCenT lAMP ColorS

Color description Cri
Color 
temperature

Soft 
white

Comfortable, pleasant 
for kitchen, bath

78 to 86 3000K

Neutral Balanced general purpose 
lighting for offices

70 to 85 3500K

Cool 
White

Efficient task lighting; 
garage, basement

62 to 85 4100K

Natural 
light

Simulates natural 
outdoor light; any room

70 to 98 5000K

Daylight 
deluxe

Cool; garage, workshop, 
laundry

78 to 85 6500
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Metal halide lamps require two to three minutes for their initial 
startup, and eight to ten minutes or longer for restrike. They 
are high-efficacy, have a long life, and offer small size for opti-
cal control.

SoLId State LIgHtIng and LedS
Solid state lighting (SSL) is developing very rapidly. Solid‐state 
lighting sources are extremely resistant to physical abuse and 
very long‐lasting. The most popular SSL lighting source avail-
able today is the light‐emitting diode (LED).

Light emitting diodes (LEDs) are widely used as lighting 
sources. Electric current is passed through a solid that has been 
made into a semiconductor, emitting particular wavelengths of 
radiation. This direct release of radiation from the flow of cur-
rent is a very efficient way of producing light without generating 
significant amounts of heat.

LEDs have been used since the 1960s for many applica-
tions. Their architectural illumination applications have included 
signage, retail displays, emergency signage, and pathway ac-
cent lighting. Their development for lighting has increased enor-
mously in recent years.

The LED lamp is typically an assembly of several individual 
LEDs, each rather small with low lumen output. The lamp can 
take a linear form or be a tight‐packed point source. LED lamps 
are tiny light sources; a single fixture may use hundreds of indi-
vidual lamps.

LEDs are easy to install and long-lasting (estimates  
of 50,000 hours). They radiate very little heat and are highly 

are available for some fluorescent lamps, including T8 and T5 
lamps. Analog and digital dimmers and wireless infrared trans-
mitters are used for dimming fluorescent lamps.

All fluorescent lamps contain small amounts of mercury to 
generate UV energy that energizes the phosphor and produces 
light. Mercury is a toxic material has been regulated as a haz-
ardous material since 1980. Fluorescent lamps are difficult to 
dispose of due to their mercury content. Fluorescent and HID 
lamps fail the Environmental Protection Agency (EPA) Toxicity 
Characteristic Leaching Procedure (TCLP).

In 2000, the EPA established the Universal Waste Rule, 
which requires that building owners and management dispose 
of lamps containing mercury in an environmentally sound man-
ner. Conforming to the rule is easier if fixtures are relamped in 
a group rather than singly. Facilities may need to provide a stor-
age area for storing spent lamps prior to disposal. Residential 
users can recycle fluorescents at the stores where they were 
purchased.

HIgH IntenSIty dIScHarge LaMPS
High intensity discharge (HID) lamps generate light by discharg-
ing electricity through a high‐pressure vapor. They include mer-
cury vapor, metal halide, and high pressure sodium lamps. HID 
lamps used in commercial and institutional buildings today are 
primarily metal halide, with color‐corrected high‐pressure so-
dium used in some gymnasiums and large public areas.

Metal halide lamps typically have high efficacy, rapid 
warm up, rapid restrike time, and poor color rendering. (See 
Figure 17.22) Metal halide lamps are used in stores, offices, 
industrial plants, and outdoors. They are available in many 
types and sizes, and require a ballast. They contain mercury. 

Figure 17.21 Compact fluorescent lamps Figure 17.22 Metal halide lamp 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 662
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powered metal strips or squares link panels together to form a 
circuit. Other applications are on the way.

Luminaire Light control
Luminaire light control depends on lamp shielding, reflectors, 
and reflector materials. Generally, all exposed incandescent 
lamps will produce direct glare. Except when a bare lamp is 
selected as a source of sparkle, all lamps in interior fixtures 
should be shielded from normal sight lines to prevent direct or 
disabling glare. Fluorescent fixtures placed crosswise to line of 
sight also require shielding.

dIffuSerS
Luminaire diffusers vary in material, characteristics, and uses. 
Some are integral parts of the fixture, while others can be 
added as needed. Diffusers are placed between the lamp and 
the illuminated space to diffuse light, control fixture brightness, 
redirect light, and hide and shield lamps. Diffusers are used in 
corridors, stairwells, high‐ceiling spaces, and other areas with-
out demanding visual tasks.

Translucent diffusers do a good job of hiding the lamp in-
side, although direct glare and veiling reflections can be prob-
lems. Transparent to translucent diffusers are made of glass, 
acrylic, polycarbonate, or polystyrene.

Prismatic batwing diffusers are lenses, usually of molded 
or extruded acrylic used for linear or radial distribution. They 
consist of a series of prisms that produce light pattern angles 
to the left and right of the observer with little direct downward 
illumination. They have good efficiency, low direct and reflected 
glare, and good diffusion. However, the lens creates a dust trap 
that requires frequent cleaning.

LouVerS, baffLeS, and eggcrateS
Louvers and baffles are usually rectangular metal or plastic. 
Their primary use is to shield the light source and diffuse its 
output. Louvers have average overall efficiency, but efficiency 
may be lower for parabolic louver designs. White louvers can 
produce glare. Specular aluminum or dark colored louvers pro-
duce little direct glare, but are less efficient and may cause seri-
ous veiling reflections.

Parabolic louvers are parabolic wedges with a specular fin-
ish. They distribute light almost straight down, and are used 
to prevent glare on vertical monitors. Parabolic louvers do not 
illuminate vertical surfaces well or prevent veiling reflections on 
horizontal surfaces.

LenSeS and refLectorS
Many fluorescent fixtures that use large lamps rely on a lens 
to control light distribution. Prismatic lenses are efficient, with 
good diffusion and wide permissible spacing. The produce little 
direct glare, but veiling reflections may be a problem.

The surfaces of clear plastic sheets can be formed into 
lenses and prisms for good optical control. The refracted light 
has more downward distribution, which reduces direct glare.

energy‐efficient. LEDs operate on DC voltage, which is trans-
formed into AC voltage within the fixture. LEDs can be designed 
to focus light, and are widely used for task lights. They do not 
contain mercury as do fluorescent lamps. LEDs do produce 
some heat, and need access to air to dissipate it.

High‐powered white‐light LEDs are used for illumination. 
They are insensitive to temperature, are vibration and shock 
resistant. The tiny " (3 mm) lamps can be combined into 
larger groups to mix colors and increase illumination. (See 
Figure 17.23)

Today’s LEDs can produce any color of light, with CRI values 
greater than 90. Current LED technologies use phosphor‐coat-
ed blue LEDs or red, green, and blue (RGB) LEDs to produce 
wavelengths across much of the visual spectrum. This improves 
the accuracy of the human eye’s perception in any setting, and 
is much closer to natural daylight than the CRI values of typical 
fluorescent lamps.

LED luminaires are now available that fill demands for down-
light, pendant, panel, ceiling, and other fixture types. Fixtures 
can be small, facilitating more effective control of light distribu-
tion. Other applications for LEDs include wall‐grazing channels 
for stairwells, floors, and walls, and LED strips for closet rods 
and handrails. Inexpensive LED strip lighting can be used in ceil-
ing coves. Combined LED and sensor technologies produce in-
teractive illuminated surfaces and projection systems.

LEDs are available as A‐shaped lamps to replace incandescent 
lamps.

Transparent organic light emitting diodes (OLEDs) are al-
ready commercially available in textile wallcoverings; electrically 

Figure 17.23 led 
Source: Redrawn from LED,_5mm,_green_wikipedia public domain.png
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MuLtIPLe‐LeVeL SwItcHIng
bi‐level switching is a lighting control system that provides 
two levels of lighting power in a space. The switching system 
may control alternate ballasts or lamps in a luminaire, alternate 
luminaires, or alternate lighting circuits independently. The sys-
tem uses photosensors that detect daylight levels, occupancy 
sensors that detect users, time‐based control panels, or manual 
switches.

Multilevel switching is a form of bi‐level switching in which 
multiple lamps in a single light fixture can be switched on and 
off independently of each other. This creates one or two steps 
between full output and zero illumination while maintaining the 
required uniform distribution of light. Multilevel switching pro-
vides greater flexibility and lessens the abrupt changes in light 
level of bi‐level switching.

contInuouS dIMMIng
Continuous dimming maintains the desired level of illumina-
tion by modulating the output from electric lamps and fixtures 
in proportion to the amount of available daylight detected by 
light‐level sensors. Continuous dimming systems minimize the 
abrupt changes in light level created by bi‐level and multilevel 
switching systems.

occuPancy controLS
occupancy controls are automatic lighting control systems 
that use motion or occupancy sensors to turn lights on when 
human activity is detected and off when a space is vacated. 
They can replace wall‐mounted light switches or be mounted 
remotely. Retaining the normal switching for use as override 
switches allows the lighting to be kept off even when the space 
is occupied.

remote Source Lighting
Remote sources can transmit light to locations where it is need-
ed. Fiber optics, light guides, and prismatic optical film are all 
used to transfer light from remote sources. Fiber optic and light 
guides use very small, effectively invisible light sources.

Remote source lighting is used for display lighting for light‐ 
and heat‐sensitive objects, and where objects are sensitive to 
UV. It is also used where relamping is major problem, such as 
spaces with high ceilings, clean rooms, security access areas, 
and spaces that cannot be interrupted for maintenance. Using 
remote‐source lighting makes sense where lamp heat is a prob-
lem, as in retail windows and refrigerated displays. It is also 
used where electrical wiring is undesirable, such as for patient‐
controlled hospital bed lighting and in children’s devices, and in 
other applications.

fIber oPtIcS
Fiber optics can be used to replace recessed ceiling downlights, 
track and display case museum lighting, and lighting for pools 
or spas, and for supermarkets and other commercial buildings. 
Fiber optic lighting uses a single remote source to supply a 

Fresnel lenses for round fixtures can concentrate or dis-
perse light. They have a smaller housing without a reflector, yet 
still maintain beam control. A Fresnel lens has poor lamp hiding 
power, but high efficiency and visual comfort. Fresnel lenses are 
made from flat sheets with beveled grooves.

Reflectors for light sources finished in white gloss paint dif-
fuse light well. Specular anodized aluminum sheets are highly 
reflective when new and clean, but become more diffuse with 
aging, high temperatures, and dirt.

Parabolic reflectors shield the lamp and redirect light rays 
with the desired output spread for increased illumination levels. 
(See Figure 17.24) Deep parabolic reflectors have high efficien-
cy, low reflective glare, and low to very low brightness. Place-
ment of the long axis is best parallel to sight lines.

Light Source controls
Technology for controlling light sources continues to improve. 
Daylight harvesting and multiple‐level switching both respond to 
changes in available daylight. Occupancy controls respond to 
use patterns. Many US energy codes require light‐level reduc-
tion controls in enclosed spaces of certain occupancies.

dayLIgHt HarVeStIng
daylight harvesting uses photosensors to detect daylighting 
levels and automatically adjusts the output level of electric light-
ing to create the desired level of illumination for a space. The 
lighting control system can automatically turn off all or a por-
tion of the electric lighting or dim the lighting, and immediately 
reactivate the lighting if daylighting falls below a preset level.

Daylight harvesting controls can be integrated with oc-
cupancy sensors as well as having manual override controls. 
Some control systems can also adjust the color balance of the 
light by varying the intensity of individual LED lamps of different 
colors installed in the overhead fixtures.

Figure 17.24 Parabolic reflector 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 701

Source and
focal point
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PrISMatIc LIgHt guIdeS
Prismatic light guides made with a thin plastic prismatic film use 
total internal reflection. Prismatic light guides, pipes, and light-
ing fixtures have all the advantages of fiber optic lighting, and 
can handle very large quantities of light without color distortion. 
When coupled to a very high output source, such a fixture can 
illuminate large interior or exterior areas.

Using optical lighting film (OLF) as a lighting fixture requires 
special techniques and materials to extract light from the pipe. 
High‐bay industrial and commercial installations are typical in-
terior lighting applications for prismatic film light‐pipe fixtures.

LuMInaIreS
As noted above, “luminaire” is another name for a lighting fix-
ture. A luminaire’s purpose is to house and provide electricity 
for the light source and to direct its output. The many variations 
available in luminaire design can make choosing the correct fix-
ture for a given use a difficult task. In addition to the light they 
contribute to a space, luminaires can serve as focal points, add-
ing sparkle, style, and visual texture. No single luminaire is ideal 
for a majority of applications, and each application has its own 
requirements for light control.

By grouping tasks with similar lighting requirements to-
gether and placing the most intensive visual tasks at the best 
daylight locations, you can use fewer fixtures and consequently 
less lighting energy. Design with effective, high-quality, efficient, 
low‐maintenance, and thermally controlled fixtures.

Glare is an important issue in luminaire selection. A high‐
efficiency installation can result in high fixture luminance that 
might produce glare. Wall lighting with luminarire output at a 
high angle may produce direct glare. Low-angle lighting minimiz-
es direct glare but retains the possibility of veiling reflections. 
A high shielding angle gives good visual comfort but reduces 
efficiency.

characteristics of Lighting fixtures
Selection of a lighting fixture involves consideration of the char-
acteristics of electric lighting sources, including color composi-
tion, the physical size of the generating device, the lamp’s length 
of life, electrical requirements, and operational efficiency. Pho-
tometry is the science of the measurement of light, in terms 
of its perceived brightness to the human eye. The luminaire’s 
manufacturer should be able to furnish complete photometric 
test data from a reliable independent testing lab.

The configuration of a fixture changes the way light is dis-
tributed. Spacing fixtures more widely apart reduces the num-
ber needed. High-efficiency fixtures deliver more light directly 
to the work plane, with less bounced off other surfaces.

arcHItecturaL LIgHtIng
Lighting equipment that is an integral part of a building is re-
ferred to as architectural lighting. (See Table 17.16) Coves, 

large number of relatively small point‐source lights, making star‐
sprinkled ceilings feasible. Fiber optic lighting can be used to 
show direction and create patterns or signs for wayfinding.

Optical fiber conducts light by total internal reflection. The 
fiber has an inner core of transparent silica, glass, or plastic, 
and an outer coating with a lower refractive index. Light rays are 
reflected at the interface of the two materials, and can proceed 
almost unimpeded down the core. Any loss of energy is very low.

Ultraclear glass fibers are used for communications, with 
plastic optical fiber used for lighting. The illuminator is usually 
a metal box containing the light source and accessories, color 
filters, and usually a fan or blower to cool the source lamp. Illu-
minators for fiber optic systems utilize a variety of lamp types. 
No heat is produced where light exits the fiber, and there is no 
UV transmission through the fiber. The fiber bundle that carries 
the light can be buried in almost any substrate.

There are many configurations for fiber optic lighting, includ-
ing axial‐mode light bars and discrete sources that emit light 
from their ends, and lateral‐mode devices that emit light along 
their length. (See Figure 17.25)

Axial‐mode linear devices comprise a bundle of fibers in a 
long narrow enclosure called a light bar. Individual fibers or 
small groups of fibers are brought out of the enclosure as a 
light‐emitting point. Light bars are used in retail display, accent, 
decorative, and directional applications. Large bundles of axial‐
mode fibers can be used to make point‐source lighting fixtures 
that do not generate heat in the space and are low maintenance 
and higher efficacy than the lamps in their illuminators.

Lateral‐mode fibers are used for linear lighting tasks such 
as illuminating stair nosings, path lighting, and decorative trim 
lighting. Color filters in the illuminator can produce dramatic 
outlining effects.

Nomenclature for remote‐source tubular lighting varies. These 
devices are referred to as hollow light guides, light pipes, hol-
low light pipes, prismatic light guides or pipes, hollow prismatic 
light guides, and remote‐source hollow light guides.

Figure 17.25 Fiber optic lighting system 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 267

Light projector
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cornices, coffers, and valences are usually designed as part 
of the interior architecture, and become important parts of the 
form of the space. (See Figures 17.26, 17.27, and 17.28) Coffers 
and valances may also be added to the interior surfaces. Cove, 
valance, and cornice lighting provide a soft, indirect glow and 
are often used to highlight ceiling details or wall textures.

Cove lighting can be installed around a raised ceiling 
opening to create a soft glow in the central space. (See  
Figure 17.29) Louvers below the light source diffuse light. 
(See Figure 17.30)

TAble 17.16 TyPeS oF ArChiTeCTurAl liGhTinG
Type description

Cove lighting Indirect lighting of ceiling from 
continuous wall‐mounted fixtures. 
Cove placed high enough to shield 
light source. Source must be far 
enough from ceiling to prevent hot 
spots. Use high reflectance inside 
of cove, upper walls, and ceiling.

Cornice lighting Ornamental molding around wall of 
room just below ceiling illuminates 
ceiling only.

Coffer lighting Recessed panels in ceiling. Large 
coffers can be illuminated by cove 
lighting around bottom edges. 
Small coffers use recessed 
luminaires in center.

Valance on wall bracket Shielding board illuminates wall 
above and below. Must completely 
shield light sources from common 
viewing angles. Minimum 12" 
(305 mm) below ceiling to prevent 
excessive brightness.

Valance at ceiling All illumination downward only, 
ceiling may look dark. Source may 
be visible unless shielded with 
cross louvers.

Figure 17.26 Cove lighting 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 272

12" min.
Light reflects off ceiling

Line of sight

Figure 17.27 Cornice lighting 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 272

6" (152 mm) min.
2½"
(64 mm)
max.

6" min.

Light reflects off wall

Figure 17.28 Valance lighting 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 272

12" min.
(305 mm)

4" max.
(102 mm)

6" to 12" 
(152 to 305 mm)

6" to 10"
(152 to 
254 mm)

Figure 17.29 Cove lighting around recessed coffer



338    |    ElEctrical and lighting SyStEmS

A lighting fixture consists of one or more electrical lamps 
with all parts and wiring necessary for their support, position-
ing, and protection as well as to connect them to a power sup-
ply and distribute the light.

A candlepower distribution graph illustrates the vertical 
distribution of light from a luminaire. Some manufacturers supply 
candlepower distribution graphs for each of their lighting fixtures.

Uniformity of illumination assures that points distant from 
the fixture centerline obtain the same illumination as those be-
low fixture. Uniformity permits wider spacing of fixtures.

High‐efficiency designs direct fixture output to the work sur-
face. As we have noted previously, direct lighting fixtures may 
create glare problems.

Diffuseness allows light to reach work surfaces from mul-
tiple directions, although illuminance is reduced by multiple re-
flections off surfaces. Indirect and semi‐direct lighting fixtures 
produce diffuse light. Ceiling illumination from indirect and up-
lighting fixtures results in good diffuseness without hot spots.

The luminance of each lighting source creates a point of 
visual attention. Quantities of large or very bright luminaires will 
draw attention from other surfaces, especially when arranged 
in striking patterns. This property can be used to emphasize an 
area or object to avoid monotony.

Luminaire size should correlate with the room size and ceil-
ing height. Fluorescent fixtures greater than 2 feet by 4 feet 
(610 by 1219 mm) are not generally used in ceilings less than 
10 feet (3 m) high unless their size is disguised by a smaller 
luminaire surface pattern.

LIgHtIng SySteM dIStrIbutIon
A lighting system is a particular fixture type applied in a partic-
ular way. (See Figure 17.31) Lighting systems vary according to 
how they control or distribute light. (See Table 17.17) They differ 
primarily in the proportion of light directed upward or downward.

LuMInouS waLL PaneLS
Vertical surfaces usually dominate the interior view. Supplemen-
tary lighting fixtures mounted on the ceiling or walls increase 
brightness, emphasize texture, and accent wall features.

Luminous wall panels must have very low surface brightness to 
prevent direct glare or excessive brightness ratios. As a luminous 
wall panel implies a window but does not actually provide a view 
to the outside, they can be somewhat frustrating for the viewer. 
Light boxes and panels are used to backlight graphics for display, 
advertising, or wayfinding. LED display units may be less than an 
inch thick; thicker fluorescent light boxes are also available.

Lighting fixture Selection
Lighting equipment should be unobtrusive, but not necessarily 
invisible. Fixtures can be chosen to compliment the architecture 
and to emphasize architectural features and patterns. Decora-
tive fixtures can enhance the interior décor.

Valance

Louvers

Figure 17.30 Ceiling valance with louvers

TAble 17.17 liGhTinG SySTeM diSTribuTion TyPeS
Type distribution Percentage description

Direct‐concentrating Up 0 to 10, Down 90 to 100 Light directed downward. Ceiling illumination reflected 
from floor and room surfaces. Light distribution pattern 
concentrated.

Direct‐spread Up 0 to 10, Down 90 to 100 Light directed downward. Ceiling illumination reflected from 
floor and room surfaces. Light distribution pattern spread.

Semidirect Up 10 to 40, Down 60 to 90 Using high reflectance ceiling for upward light minimizes direct 
glare. Good for offices, classrooms, shops. Minimum 12" (305 
mm) fixture stems.

General diffuse Up 40 to 60, Down 40 to 
60

Light in all directions. Roughly equal distribution of light 
produces bright ceiling and upper wall.

Semi‐indirect Up 60 to 90, Down 10 to 40 Diffuse, low glare room lighting. Downward light typically through 
translucent diffuser, with ceiling as principal radiating source.

Indirect Up 90 to 100, Down 0 to 10 Ceiling and upper walls become light source. With high 
reflectance, light is highly diffuse and shadowless. Suspend at 
least 12" (305 mm), preferably 18" (457 mm) from minimum 
9’‐6" (2.9 m) ceiling.

Direct‐indirect Up 40 to 60, Down 40 to 
60

Good diffuseness. Vertical‐plane illumination, little horizontal. 
Bright ceiling, upper wall. Minimum 12" (305 mm) stems.
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indirect lighting fixtures (uplights) may be suspended 
from the ceiling, mounted on top of tall furniture, or attached to 
walls, columns, or floor stands. Pendant fixtures can distrib-
ute light up, down, or at an adjustable angle. Pendant‐mounted 
fixtures hang below the ceiling on a stem, chain, or cord.

Track‐mounted fixtures comprise adjustable spotlights 
or floodlights mounted on a recessed, surface‐mounted, or pen-
dant‐mounted track that conducts the electrical current. (See 
Figure 17.33) The fixtures can be moved along the track and 
adjusted to distribute light in multiple directions. Low‐voltage 
fixtures have a transformer either on the track or individually on 
each fixture. They are attached to ceiling supports for runs of 
greater than 20 feet (6 meters).

Building energy codes may require that each head on the track 
be counted as a separate fixture.

In a direct lighting system with a dark‐painted ceiling, pendant 
fixtures can be used to hide piping and ductwork or lower the 
apparent ceiling height.

MountIng
Recessed lighting fixtures are an unobtrusive way to illuminate 
circulation paths or to increase light levels in a specific area. 
(See Figure 17.32) Multiple downlights provide ambient light 
for large spaces or focus light on a floor or work surface. A 
recessed downlight shields a point light source. The addition 
of black baffles obscures the lamp and limits its spread, but 
absorbs much of the light, and so are less efficient. Some re-
cessed lights will appear as black holes in a light‐colored ceiling 
when turned off. Semi‐recessed fixtures are partially recessed 
into the ceiling or wall construction, with part of the fixture pro-
jecting beyond the surface.

Wallwashers are designed to illuminate a matte vertical 
surface uniformly. Individual wallwashers should be placed one‐
third of the wall height away from the wall and an equal distance 
from each other to avoid scalloped light spots.

Surface‐mounted lighting fixtures include cove, cornice, 
and valance fixtures as well as wall sconces. Ceiling fixtures 
are usually positioned to spread light over a broad area above 
people and furnishings. Wall‐mounted fixtures can be used to 
provide task lighting. The light reflected from wall‐mounted fix-
tures onto a wall or ceiling adds to the general illumination of 
the space. Their locations must be coordinated with windows 
and furnishings.

Figure 17.31 lighting distribution types 
Source: Redrawn from Francis D.K. Ching and Coky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 279

General diffuse

Direct-concentrating Direct-spread Semidirect

Semi-indirect Indirect

Direct-indirect

Figure 17.32 recessed fixtures 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 270 

Baffled downlight Adjustable eyeball

Pinhole downlight Baffled wall washer

Figure 17.33 Track‐mounted fixtures 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 273

(a) Straight track

(b) Curved track
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frequently necessary to employ energy‐saving lighting controls 
that dim or shut off fixtures.

Many building codes require that a lighting power budget 
be established by a mandated procedure for each project. 
The designer must design the lighting within these energy 
constraints. The nationally accepted standard that defines the 
establishment of a lighting power budget is ANSI/ASHRAE/IES 
Standard 90.1—Energy Standard for Buildings Except Low‐Rise 
Residential Buildings.

Control systems decisions are made when the lighting is 
designed, to assure that controls are appropriate to the light 
source and that the system arrangement and accessories are 
coordinated with the control scheme.

Light zones are defined to accommodate the scheduling and 
functions of various spaces. Ambient, task, and accent lighting 
are considered in laying out the zones. Each zone should be 
separately circuited, and each task light should have its own 
switch.

In a complex multi‐use space, it is important to talk to the 
people who will use the space daily and are aware of common 
problems. Often controls are located in places that are hard to 
reach during an event, or prevent the result of an adjustment in 
lighting level from being seen while making it.

Lighting controls may be manual, automatic, or combined, 
usually with a manual override of the automatic controls. They 
may be stand‐alone controls, or part of larger energy manage-
ment system and/or building automation system. The designer 
of the lighting control system selects the number of lighting 
elements to be switched together and establishes the number 
of control levels.

Manual lighting controls generally give employees a sense 
of control, leading to a feeling of satisfaction and increased 
productivity. With remote‐control dimming systems, occupants 
can adjust the lighting fixtures closest to their workstations 
without disturbing other employees; this can help them reduce 
glare.

Wireless lighting control systems for conference and meet-
ing rooms give a presenter control of lights, motorized window 
shades, and projection screens at the touch of a button. Sys-
tems designed for use in classrooms and lecture halls where 
presenters may not be as familiar with complex audiovisual 
equipment should be easy to use.

occuPancy SenSorS
Occupancy sensors are used to turn off or dim office lights 
after a minimum of 10 minutes. Types of occupancy sensors 
include passive infrared, ultrasonic, and hybrid sensors. (See 
Table 17.19 and Figures 17.34 and 17.35) They can also turn 
off fan‐coil air units, air conditioners, and fans. Relighting 
may be instantaneous, delayed, or manually operated by the  
occupant.

Decorative lights serve as accents within the space. Their 
contribution to illumination may be less important than their ap-
pearance.

Portable plug‐in lighting fixtures are commonly referred 
to as lamps, and their light sources as light bulbs. Desk  
and task lamps provide focused light where needed, allow-
ing lower ambient light levels. Portable lamps are usually 
operated at the fixture itself, giving users control over their  
environment.

Ceiling illumination should produce good ceiling coverage 
without hot spots and with good diffuseness. (See Table 17.18) 
Using a fixture hanger that is too short results in concentrated 
hot spots on the ceiling and uneven illumination. For fixtures 
with an upward component, a lower mounting height controls 
ceiling brightness and provides good light utilization.

conStructIon and InStaLLatIon
The quality of a lighting fixture is often readily visible to casual 
observer. A good quality fixture combines a sufficient quantity 
of light with good construction, ease of installation and mainte-
nance, and long life. Assuring this requires care in its specifica-
tion and the examination of shop drawings. Check samples for 
workmanship, rigidity, quality of materials and finish, and ease 
of installation, wiring, and leveling.

Proper installation involves mechanical rigidity and safety, 
electrical safety, freedom from excessive temperatures, and 
accessibility of component parts and of the fixture outlet box. 
It is recommend that lighting fixtures not be mounted directly 
to horizontal members of a suspended ceiling system to reduce 
risk of falling. All fixtures should be supported from ceiling sys-
tem supports or directly from the building structure, and not by 
ceiling system itself.

Lighting controls
A good lighting control design allows a variety of lighting levels 
and lighting patterns while conserving energy and money. In 
order to meet building code energy budget requirements, it is 

TAble 17.18 CeilinG FixTure MounTinG heiGhTS
luminaire Type recommended height

Indirect and semi‐indirect 
luminaires

Minimum 18" (457 mm), 
preferably 24" to 36" (610 to 
914 mm) from ceiling

Single–lamp luminaire with 
inverted batwing

Have very wide distribution. 
Minimum 12" (305 mm) from 
ceiling

Direct‐indirect and semi‐
direct fluorescent fixtures

Minimum 12" (305 mm) for 
two‐lamp units

Minimum 18" (457 mm) for 3‐ 
and 4‐lamp units
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dayLIgHt coMPenSatIon
daylight compensation reduces artificial lighting in parts of 
a building when daylight is available to meet illumination needs. 
Photocells trigger automatic dimming as required. Daylight 
compensation dimming can reduce energy use in perimeter ar-
eas by up to 60 percent.

Rapid changes caused by the constant switching on or off 
of lamp levels can by very annoying to the space’s occupants, 
and is damaging to the lamps. Full‐range automatic dimming for 
daylight compensation can avoid this problem.

tuning and Maintenance
Designing and specifying lighting is complex, and it is rare that 
the system functions perfectly in the field as designed. The sys-
tem is tuned in the field to adjust to these changes and achieve 
the designer’s goals.

lighting system tuning can reduce energy use by 20 
to 30 percent. Tuning often results in the reduction of lighting 
levels in nontask areas as spill light is frequently adequate for 
circulation and other functions. Lighting system tuning is also 
required when the function of an entire space is changed, or fur-
niture movement or changes in tasks alter a single area. It can 
help with glare reduction and result in improved task visibility. 
It is a good idea to include the lighting system tuning process 
as part of the lighting designer’s complete scope of services.

A reduction in illuminance can be accomplished by field ad-
justments of fixtures and by replacing lamps and ballasts. Wall 
switches can be replaced with time‐out units, programmable 
units, or dimmer units.

Maintenance is often the last consideration when select-
ing a lighting fixture, yet it is the one most likely to result in 
long‐term negative feedback from building owners and facility 
managers. A lighting system maintenance problem may not lie 
in its design but in poor installation and maintenance practices. 
The lighting system may be operated and maintained by some-
one with little training or experience with the latest equipment. 
Fixtures should be simply and quickly relampable, resist dirt col-
lection, and be simple to clean. Short lamp life necessitates that 
it be easy to replace lamps; difficult replacement indicates that 
long life lamp should be specified. Replacement parts should be 
readily available.

TAble 17.19 oCCuPAnCy SenSorS
Type description

Passive infrared (PIR) sensors React to heat source moving through beam pattern. May not detect small or very slow 
movements, so lights may shut off when a person is sitting quietly. Heat source must not 
be blocked by furniture, etc. May be dead spots under beams if units are not designed or 
located properly.

Ultrasonic sensors Emit energy above range of human hearing. Detect small movements, may need to 
reduce sensitivity to avoid false sensing, but this also decreases coverage.

Hybrid (dual‐technology) sensors React to turn lights on, and reaction in either technology keeps lights on. Placement of 
sensors very important. Ten‐minute minimum or manual shut off. Best in individual rooms 
and workspaces. Wall or ceiling mounted or in wall‐outlet box with wall switch.

See Chapter 20, “Communications, Security, and Control Equip-
ment,” for use of occupancy sensors as intrusion detectors.

Figure 17.35 ultrasonic occupancy sensors 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 725

Figure 17.34 Passive infrared occupancy sensors 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 724

(a) Ceiling-
flush-mounted

(b) Wall switch
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(d) Ceiling-mounted
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(b) Wall switch and
occupancy sensor

(b) Ceiling-mounted
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emergency Lighting
Emergency lighting provides power for critical lighting systems 
in the event of a general power failure, the failure of the building 
electrical system, an interruption of current flow to the lighting 
unit, or the accidental operation of a switch control or circuit 
disconnect. It is customary for battery‐powered units to be 
hard‐wired into the building’s electrical system, so that the bat-
tery can be recharged by the building power.

The general goals of emergency lighting are to avoid dis-
tress or panic and to provide lighting for egress from the build-
ing. The level of lighting required is related to the level of normal 
illumination and to the degree of hazard.

Emergency lighting should be essentially uniform, avoiding 
instantaneous drops from bright to low levels as it takes around 
five minutes to accommodate fully. Arrange bright, spot‐type 
heads very carefully to avoid disabling glare and distorting 
shadows. The emergency lighting illuminance in specific areas 
should be related to the area’s normal illuminance and the de-
gree of hazard in that area. (See Table 17.20) The selection of 
emergency lighting fixtures has been expanded to include LED 
fixtures. (See Figure 17.36)

For facilities that require an entire emergency power sys-
tem (standby generators, central battery systems), selected 
portions of the normal lighting system are usually designated 
as emergency lighting and served by emergency power. Oth-
erwise, self‐contained battery‐powered lighting packages are 
strategically located to operate during power outages.

eMergency LIgHtIng codeS and 
StandardS
NFPA 101—Life Safety Code specifies locations that require 
emergency lighting and the level and duration of the lighting. 

NFPA 70—National Electrical Code (NEC) mandates system ar-
rangements for emergency light and power circuits, including 
egress and exit lighting. The NEC also discusses power sources 
and system design. Additional local code requirements may be 
applicable.

NFPA 99—Standard for Health Care Facilities dictates spe-
cial emergency light and power arrangements for these oc-
cupancies. US Occupational Safety and Health Administration 
(OSHA) requirements are primarily safety oriented and cover 
exit and egress lighting.

Industry standards are defined in IES and IEEE publications, 
including IEEE Standard 446‐1995—IEEE Recommended Prac-
tice for Emergency and Standby Power Systems for Industrial 
and Commercial Applications.

Most codes and authorities require a minimum average 
illuminance at floor level throughout a means of egress of 
1.0 fc (10 lux) to permit orderly egress. The maximum to 
minimum ratio of illuminances along an egress path should 
not exceed 40:1. The duration of the 1.0 fc (10 lux) level of 
emergency lighting is normally specified as a minimum of 90 
minutes for egress, with 0.6 fc (6 lux) thereafter. Facilities 
that cannot be evacuated quickly require higher levels for var-
ied periods.

Due to concern that smoke usually obstructs vision at eye 
level, preventing ceiling‐mounted emergency lighting from il-
luminating the floor in smoky areas or make matters worse, 
codes may require baseboard‐level egress lighting, plus avoid-
ance of widely separated bright sources.

See Chapter 18, “Fire Safety Design,” for more information on 
emergency and exit lighting.

exIt SIgn LIgHtIng
Exit lighting is required at all exits, and at any aisles, corridors, 
passageways, ramps, and lobbies leading to an exit. General 
exit lighting and the integral lighting of exit signs must be turned 
on at all times the building is in use.

Most codes required 5 fc (50 lux) on exit signs. (See  
Figures 17.37 and 17.38) Some exit signs are equipped with 
a battery and controls. Others illuminate the area beneath 
the sign, which is especially helpful for finding the way to an 
exit in a smoky room. Some have a flasher and/or audible 
beeper. Nonelectrical, self‐illuminating signs are considered 
to be part of the emergency lighting system. Photolumines-
cent materials for lighted strips on the floor or low walls 
absorb light and glow when they are no longer illuminated.

In the United States, an exit sign is usually the word “EXIT” in 
red, but in most of the world it is green and often depicts a 
running man.

TAble 17.20 eMerGenCy liGhTinG
Area Footcandles (lux)

Exit area 5 (50)

Stair 3.5 to 5 (35 to 50)

Hazard areas 2 to 5 (20 to 50)

Other spaces 1 (10)

Figure 17.36 led emergency lighting fixture
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Bright lighting fixtures detract from walls and diminish the per-
ceived size of the space. Feelings of relaxation and comfort are 
encouraged by downlighting and color highlights. The inability 
to identify the source of indirect lighting and very low brightness 
fixtures may cause discomfort. All lighting fixtures and com-
ponents should have a UL or Canadian Standards Association 
(CSA) label or equivalent as required by code.

residential applications
It is important to begin the design with daylighting. Each area 
of a home should have multiple light levels. (See Table 17.21) A 
multilayered design approach involving task, ambient, and ac-
cent lighting results in an environment that allows for a variety 
of settings or moods. The best approach is to first provide for 
the task lighting requirements, and then determine what ambi-
ent lighting, if any, is required to supplement this layer. Finally, 
provide appropriate accenting and highlighting to enhance art-
work and architectural elements.

Provide for low‐level lighting in all rooms with switching and 
dimmers. Use local task lighting for demanding visual tasks. 
Low‐voltage or wireless remote control produces energy 
savings.

commercial applications
Each type of commercial, institutional, or industrial space has 
its own lighting requirements. These spaces all include toilet 
rooms, some of which are open to the general public.

offIce LIgHtIng
Designing lighting for the office means designing for change. De-
sign for flexibility in both the overall layout and the degree of con-
trol that the individual employee has over his or her workspace. 
Daylighting should be included, both as an energy‐efficient light 
source and for the benefits of keeping in touch with nature. In 

Figure 17.37 Typical uS exit sign

Figure 17.38 international organization for Standardization 
(iSo) exit sign symbol

TAble 17.21 reSidenTiAl liGhTinG TyPeS
Type Kitchens bathrooms other Spaces

Ambient and General Traffic paths and to see into 
cabinets, also large pantries, 
laundry areas.

General lighting probably 
adequate in powder rooms. 
Dimmers desirable.

Family and living rooms.

Task Cooking surface, at sink, over 
counters, under cabinets, and 
over table.

Grooming at various locations. 
Additional light at mirrors.

Downlights, sconces, table 
lamps for visual tasks. 
Reading in bed. Desks in 
study and home office areas.

Accent Above wall cabinets for display. 
Open shelves, glass door 
cabinets, artwork, architectural 
features.

Lighting at vanity toe kick for 
nightlight. Keep lamps away 
from water sources.

Artwork, sculpture, 
architectural features.

Decorative Chandelier in small kitchen, also 
decorative pendants

In small space, will usually 
serve multiple purposes.

Adds sparkle, enhances 
ambience where desired.

LIgHtIng deSIgn aPPLIcatIonS
With the advent of solid‐state light sources and greater energy 
efficiency, the application of lighting design to specific types of 
occupancies is undergoing major changes. The information that 
follows provides some general guidelines.

Dark walls tend to make a space look smaller, while the 
high reflectance of white walls fosters a sense of spaciousness. 
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staff to keep the space bright and clean, and assure the users 
that it is safe and hygienic. The toilets, urinals, and lavatories 
benefit from a task‐lighting approach; other areas may be much 
less brightly lit. All fixtures have to withstand the potential abuse 
of a public (but often isolated) space.

We have covered a lot of ground in this chapter, but there is 
much more to learn about lighting. New technologies and prod-
ucts are constantly becoming available. Lighting continuing edu-
cation courses are consistently popular with interior designers.

In Part VII, we look at the building systems that deal with fire 
safety, conveyance (elevators, escalators, and materials han-
dling), and communications. Chapter 18 explores how building 
fires can be prevented, and how the death and destruction they 
cause can be limited.

larger offices or open‐plan spaces, use more than one type of 
light fixture, each with specific distribution characteristics.

retaIL LIgHtIng
Good retail lighting can enhance a store’s image, lead custom-
ers inside, focus their attention on products, and ultimately 
increase sales. Different types of retail spaces have different 
lighting requirements. (See Table 17.22) Retail lighting must 
have good color, contrast, and balance. This can all be done 
with energy-effective lighting that is energy code compliant.

PubLIc toILet rooM LIgHtIng
Good lighting is essential for keeping public toilet rooms clean 
and pleasant. Well‐lit toilet rooms encourage the maintenance 

TAble 17.22 reTAil liGhTinG
Store Type lighting recommendations

Small stores Use fixed‐location spotlights rather than track and flood lighting. Avoid random fixture 
layouts and shiny or dark surfaces. Lower levels of ambient lighting adequate to 
examine merchandise. Put focus on important elements.

Medium‐sized stores Supplement ambient lighting with limited accent lighting to set products apart, create 
highlights, enhance texture and displays.

High‐end retail stores Establish image and enhance product with lighting. Decrease ambient light levels to 
increase highlights and focus.

High-activity retail stores Light all objects uniformly and economically, with good visibility for reading labels.
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Part

VII
Fire SaFety, ConveyanCe, 

SeCurity, and 
CommuniCationS

Part VII concludes the Building Systems for Interior Designers, Third Edition with 
coverage of a variety of topics that affect multiple building systems. Fire safety is a 
key element of the design of both residential and commercial projects. Conveyance 
equipment including elevators and escalators are essential means of moving people 
in tall buildings and providing access for people using mobility aids. Security and 
communications systems are undergoing rapid development in this age of digital 
devices and wireless communications.

According to the 2013 report on home fires by the National Fire Protection Associa-
tion (NFPA), on average, seven people died each day in home fires in the United States 
(US). Cooking equipment remains the leading cause of home structure fires and injuries, 
but smoking materials remain the leading cause of deaths. The two leading items in 
home fire deaths remain upholstered furniture and mattresses and bedding, although 
the number of deaths from these sources of first ignition continues to decline.

High‐rise buildings require great numbers of persons to travel vertically down stairs 
in order to evacuate. NFPA reports that “in the evacuation of the World Trade Center 
high‐rise office tower following the first terrorist bombing in 1993, tens of thousands 
of building occupants successfully and safely traversed some five million person‐flights 
of stairs.” (www.nfpa.org, accessed August 11, 2014). Since that time, provisions have 
been made for the use of elevators as part of building evacuation plans.

Communications, security, and control equipment add to building function and 
safety. Wireless communications are changing the way this equipment works and 
what is required as part of the building systems.

Chapter 18, “Fire Safety Design,” covers how building interiors are designed 
to prevent fires and help people escape. This is perhaps the most valuable 
information for interior designers to know about building systems.

http://www.nfpa.org
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Chapter 19, “Conveyance Systems,” covers building systems that move people 
and materials, including elevators, escalators, and materials handling equipment.

Chapter 20, “Communications, Security, and Control Equipment,” brings our 
coverage of building systems to a close with a review of these rapidly evolving 
systems.
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18
Fire Safety Design 

The extreme danger that fire represents to a building 
and its occupants requires a holistic approach to the 
architectural, mechanical, plumbing, and signal systems. 
It is important to remember that the technology for fire 
protection is still being developed, as is information 
about the effectiveness of each method.

Vaughn Bradshaw, The Building Environment: Active and Passive 
Control Systems (3rd ed.), Wiley 2006, page 383

Chapter 18 addresses basic firefighting principles and fire 
safety codes. Means of egress protect the building’s occu-
pants and directly affect interior design. Compartmentation 
and construction assemblies are designed to protect the 
building itself. Interior materials must be selected and test-
ed for fire safety. Smoke management aids firefighters and 
occupants. Fire detection, alarm, and suppression systems 
have highly visible elements that must be coordinated with the 
interior design of the building.

IntroDuctIon
According to the National Fire Protection Association (NFPA), 
there were 480,500 structure fires in the United States in 
2012, resulting in 2470 civilian deaths and 14,700 injuries, 
and $9.8 billion in property damage. Between 2009 and 2011, 
civilian fire fatalities in residential buildings accounted for 82 
percent of all fire fatalities (FEMA Topical Fire Report Series, 
Civilian Fire Fatalities in Residential Buildings 2009–2011, April 
2013).

It is important to consider the overall concept of fire safety 
rather than just looking at individual systems. The whole building 

needs to be assessed on basis of its specific conditions. Fire 
safety strategies start with prevention and passive fire protection. 
The many topics of fire protection design include design of means 
of egress, early detection and alarm systems, compartmentation, 
smoke control and its relationship to material choice and building 
design, fire suppression systems, and emergency power.

Fire protection requires the coordination of the building’s 
architecture and interiors, mechanical, electrical, and plumbing 
systems, and signal system. (See Table 18.1) Building systems 
can integrate fire detection and alarm systems with the HVAC 
system for energy management. Signaling can be combined 
with security and intercom functions.

There may be conflicts between fire resistance and features 
including daylighting, passive cooling, and the HVAC system. 
Potential conflicts also exist between safe evacuation of people 
and suppression of fire.

History

Before the Great Fire of London in 1666 left tens of thousands of 
people homeless, the city had no organized fire protection sys-
tem. Afterwards, insurance companies created fire brigades, 
which fought only fires in buildings their companies insured. 
New buildings were built of stone rather than wood.

In 1736, Benjamin Franklin was instrumental in establishing 
a volunteer fire department in Philadelphia, the first in the Ameri-
can colonies. The first paid government fire departments did 
not appear until the mid‐nineteenth century.

The Great Chicago Fire in 1871 destroyed 3.3 square miles 
(9 k2) and much of the wood construction in the central busi-
ness district. The disaster resulted in stricter fire regulations 
and produced some of the best firefighters in the United States.
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Design for Fire Safety
To react safely to a fire emergency, a building occupant needs 
early warning, the means to extinguish a small fire, and at least 
two ways out of the building. Once a fire has started in a build-
ing, there may be only a few minutes to get out safely. A fire can 
spread at the rate of 15 feet (4.6 meters) per second. Smoke 
spreads fast and can overcome people in moments, obscuring 
vision and causing difficulty breathing. People in the building 
may panic and need to get to a door immediately. The design of 
the building is critical to getting them out safely.

Fire safety design for buildings considers both common 
problems and rare problems that could result in many deaths 
and great property damage. This necessitates design for redun-
dancy of systems.

In older buildings, the goal of fire safety design decisions 
was to keep the fire from spreading to other buildings. With 
increasing fire‐resistant construction and control by building 
codes, fires are now usually confined within a single building. 
Today, the most common fire safety objectives (in order of im-
portance) are protection of life, protection of the building and its 
contents, and continuity of operation.

Whole‐building conflagrations are becoming relatively rare 
in North America due to the widespread use of automatic fire 
detection and fire‐extinguishing systems. The emphasis is shift-
ing to minimizing water and smoke damage.

Fire suppression systems contain fires to one or two floors 
or to a single room. A single sprinkler head can extinguish a 
small fire in about four minutes. Only one to five sprinkler heads 
are activated in the great majority of residential fires, limiting 
damage from water as well as fire.

Fire builds up faster in small, enclosed rooms that retain 
heat. Most thermally massive materials do not burn easily, and 
thermal mass also benefits passive heating, cooling, and acous-
tic isolation of airborne sound. (See Figure 18.1 High ceilings 
allow large quantities of smoke to collect before reaching the 
occupant’s level and allow smoke and flames to be seen from a 
greater indoor distance.

In some buildings, continuing operations during a fire is a 
priority. Special fire alarm and suppression systems are avail-
able for especially critical operations areas such as control 
rooms. Floors should be waterproofed for speedy removal of 
water dumped on the fire by the sprinkler system. Waterproof-
ing should continue 4" to 6" (102 to 152 mm) up walls, columns, 
pipes, and other vertical elements.

BaSIc PrIncIPleS
Fire prevention begins with an awareness of fire risks. An un-
derstanding of the process of combustion aids in the use of fire 
prevention methods.

Fire risk
We tend to be most aware of fires in large, high-profile buildings. 
However, about 85 percent of all US fire deaths in 2009 oc-
curred in homes (M.J. Karter, NFPA Fire Analysis and Research 
Division, Fire Loss in the United States during 2010, 2011). 
The groups at greatest risk include children ages 4 and under, 
adults ages 65 and older, African Americans, Native Americans, 

Table 18.1 building ComponenTs and Fire saFeTy
Component ordinary Condition Fire Condition

High ceilings and 
low partitions

Aid daylighting and natural ventilation Without sprinklers, allow fire and smoke to spread through open 
floor plans.

Interior finishes Aid comfort, aesthetics, and maintenance May burn readily and/or give off toxic gases.

HVAC systems Heat, ventilate, and cool May be pathways for smoke and fire. Intakes can purge smoke 
with outside air.

Windows Provide daylight, view, and fresh air Give firefighting access, escape routes, dilute smoke with fresh 
air.

Elevators Provide accessible access to upper 
building floors

Apertures can allow vertical spread of fire and smoke. May aid 
firefighters and egress.

Escalators Connect retail shopping levels, or hotel 
lobbies to ballrooms

Apertures can allow vertical spread of fire and smoke. May allow 
egress.

Figure 18.1 Thermal mass around wood-burning stove
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and poor people. (Centers for Disease Control and Prevention, 
Fire Deaths and Injuries Fact Sheet, 2011)

When people are caught in a fire, their lungs and respira-
tory passages may be burned by hot air and their skin severely 
damaged by thermal radiation. Some deaths occur when panic 
causes people to push, crowd, and trample others. Other times, 
panicking people make irrational decisions like running back 
into a burning building to save belongings.

Three times as many fire deaths result from asphyxiation 
due to dense smoke as from burns. Victims of fires are often 
suffocated by air depleted of oxygen and full of poisonous gas-
es. Oxygen content below 17 percent is sufficient to sustain fire, 
but reduces the ability to breathe and oxygenate blood.

Buildings concentrate fuel that can sustain a fire. Wood build-
ing structures, wood paneling, and plastic insulating materials 
all will burn. Buildings often contain oil, natural gas, gasoline, 
paints, rubber, chemicals, or other highly flammable materials.

Buildings offer many possible sources of ignition for a fire. 
(See Figure 18.2) Defective furnaces, sparks from a fireplace, 
leaky chimneys, and unattended stoves can all start fires. Loose 
electrical connections and overloaded electrical wiring are com-
mon sources of fires. Many home fires are started by poorly 
maintained furnaces or stoves, cracked or rusted furnace parts, 
or chimneys with creosote buildup. The largest identified cause 
of fires in the home is cooking. These are often small fires that 
are put out without injury to occupants.

According to the US Fire Administration, misuse of wood 
stoves, portable space heaters, and kerosene heaters are com-
mon risks in rural areas. Wood stoves cause over 4000 residen-
tial fires every year. Although only two percent of heating fires in 
homes involve portable heaters, they are involved in 45 percent 
of all fatal home fires. Of these fires, 52 percent are due to por-
table heaters too close to combustible materials.

A building is like a stove in that it contains the fire and en-
courages its growth. The building concentrates heat and flam-
mable combustion gases. A fully developed room fire has tem-
peratures over 1100°F (593°C). Vertical passages through the 

building that are open to the fire create strong convective drafts 
that fan the flames. Fire can spread a rate of 15 feet (4.6 m) per 
second. As the fire spreads up through the building, it finds new 
sources of fuel.

The loss of firefighters’ lives is a tragic result of fires. The 
design of the building may restrict their ability to escape and 
serve as a barrier to firefighters. Firefighting ladders can only 
reach up seven stories, so in tall buildings, firefighters must use 
the stairs. (See Figure 18.3) In addition, very broad, low build-
ings can put the fire beyond the reach of fire hoses. Firefighters 
are exposed to excessive heat, poison gases, and explosions. 
They are in danger of falls from great heights, toppling walls, 
and collapsing roofs and floors.

combustion
oxidation is a process in which molecules of fuel are combined 
with molecules of oxygen. The result is a mixture of gases and 
the release of energy. Oxidation is how our bodies turn food 
into energy. Rust is the oxidation of iron. In a fire, molecules of 
fuel are rapidly combined with molecules of oxygen, releasing 
energy as heat and light. Gases are also released, and smoke 
is produced when incompletely burned particles are visibly sus-
pended in the air.

FIre trIangle
For a fire to exist, you need three things: fuel, oxygen, and high 
temperatures. Fires begin when supplies of fuel and oxygen are 

Figure 18.2 leading causes of fires in homes 
Source: Redrawn from NFPA US Home Structure Fires Fact Sheet, 
2007–2011, www.nfpa.org

Cooking equipment 43%

Heating equipment 16%

Intentional 8%

Electrical distribution and lighting equipment 6%

Smoking materials 5%

Clothes dryer or washer 4%

Exposure 3%

Candles 3%

Playing with heat source 2%

Cooking equipment 43%g q p

Figure 18.3 Firefighting ladder

http://www.nfpa.org
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brought together at a sufficiently high temperature for combus-
tion. The fire consumes fuel and oxygen as it burns, and gives 
off gases, particles, and large quantities of heat.

The fire triangle is a graphic representation of the three 
things necessary for a fire. (See Figure 18.4) Limiting one ele-
ment of the fire triangle (fuel, oxygen in air, or high temperature) 
prevents the fire from starting or puts it out.

Fire suppression systems that cover the fuel or that dis-
place the oxygen with another gas limit the supply of oxygen. 
High temperatures can be controlled by cold water from sprin-
kler systems. However, the primary way that we strive to pre-
vent and control fire in a building is by controlling the fuel: the 
building’s structure and contents.

Building codes and zoning ordinances regulate the combus-
tibility of materials in different areas of a city, and also the condi-
tions for storage of flammable and explosive substances in or near 
buildings. Firefighters and fire underwriters (insurers) inspect build-
ings periodically, looking for accumulated combustible materials. 
Heating devices, chimneys, electrical systems, electrical devices, 
and hazardous industrial processes are controlled especially tight-
ly. Smoking is now prohibited by law in many places.

ProDuctS oF comBuStIon
The thermal products of a fire are flame and heat. These are 
responsible for burns, shock, dehydration, heat exhaustion, and 
the blocking of the respiratory tract by fluid, and result in about 
one‐quarter of the deaths from building fires.

Most fire deaths result from the nonthermal products of com-
bustion including smoke, which can usually be seen or smelled, 
and the wide range of gases, liquids, and solids it contains. Gases 
without visible smoke are often difficult to detect; some are toxic 
and all are dangerous because they displace oxygen. Building 
fires commonly release gases, including carbon monoxide and 
carbon dioxide. Smoke is made of droplets of flammable tars and 
small particles of carbon suspended in gases. It irritates the eyes 
and nasal passages and sometimes can blind or choke a person.

Most plastics used in furniture, carpeting, draperies, wall 
coverings, plumbing systems, electrical wiring, and other prod-
ucts are petrochemicals that often burn faster and hotter than 
other materials. Smoke gases and particulates from plastics 
may contain hundreds of different chemicals, many of which 
exist only a few minutes before mixing with other chemicals and 
turning into something else. Combustion gases include carbon 
dioxide, carbon monoxide, hydrogen cyanide, hydrogen sulfide, 
and sulfur dioxide. Hydrogen chloride is produced by burning 
polyvinyl chlorides found in electronic equipment and cable 
jackets, as well as in some wall coverings, flooring, and other 
interior materials.

A fire with decomposing plastics can cause lung and pul-
monary damage, and may cause disorientation and loss of the 
sense of smell. Respiratory failure can follow. Toxic chemicals 
at levels below lethal can be deadly in combination. Repeated 
exposure is especially dangerous. Some chemicals remain a 
danger after a fire is out.

FIre SaFety coDeS
Modern building codes evolved first as responses to devastat-
ing fires, and have gradually come to include many other health 
and safety issues. The goal of fire code requirements is to pro-
tect the building from fire and to contain the fire long enough 
for people to evacuate the building safely. Building codes set 
height and area limits in relation to the occupancy or use of the 
building and the type of construction. They establish structural 
standards for the construction of walls, floors, and roofs. Codes 
detail requirements for fire protection systems and means of 
emergency egress.

Fire safety codes govern how spaces are planned and how 
materials are used. They dictate the location and number of fire 
alarms and exit signs, and set sprinkler system requirements 
that affect the layout of ceiling designs and lighting.

Fire department officials review the plans before a building per-
mit is granted in many communities. Inspections during construc-
tion by the building inspector verify that the construction meets 
code requirements. Fire department inspectors also visit the site.

The National Fire Protection Association (NFPA) is the 
world’s leading advocate of fire preventions and an authorita-
tive source on public safety. It publishes a wide array of codes 
and standards dealing with fire safety. (See Table 18.2)

The 2015 International Residential Code (IRC) covers fire-
resistant construction, fire blocking and barriers, and fire sprin-
kler systems for residences. UL publishes numerous standards 
for fire detection and alarm equipment. Design and construction 
for fire safety is also controlled by local codes, the local fire 
marshal, and the building’s insurance provider.

Codes often relax prescriptions when an active fire sup-
pression system is designed into the building. They may allow 
size limits to be exceeded in a sprinklered building, or when 
a building is divided by firewalls into separate areas, each of 
which does not exceed the size limit. Detailed computer analy-
sis of fire spread and occupant evaluation for a given design 

Figure 18.4 Fire triangle
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may allow greater distances to exits, larger open floor areas, 
and alternative construction methods. This performance‐based 
analysis approach to design requires close cooperation be-
tween building designers and fire code enforcement officials.

The design professional in charge of a project is ulti-
mately responsible for making sure that the design meets 
all applicable codes. Interior designers often check building 
codes for fire safety requirements. Whether specifying a fab-
ric for a commercial project or checking a floor plan for the 
number, size, and location of exits, interior designers rely on 
applicable code requirements. The interior designer must be 
familiar with the codes for each project ’s location, and must 
make sure that the design complies. It is important to verify 
the most recent versions of applicable codes. Failure to do 
so can result in costly mistakes, delays in construction, and 
a very unhappy client.

construction types
To be classified a certain construction type, a building must 
meet the minimum standards for every structural element in 
that type. The construction type can come into play when a 
designer changes existing interior structural elements or adds 
new ones. If changes are not consistent with the existing build-
ing materials, they could reduce the entire building classifica-
tion. This would reduce building safety and could affect building 
insurance and liability.

Interiors projects that are affected by construction types 
and building sizes include ones that relocate walls or add a 
stairway or other structural work. The primary structural ele-
ment that an interior designer may be involved with is an inte-
rior wall, which could be either load‐bearing or nonload-bearing. 
The designer’s work may also affect firewalls and party walls, 
smoke barriers, and shaft enclosures. Interior designers some-
times also work with columns, floor and ceiling assemblies, and 
roof/ceiling assemblies.

Each construction type assigns structural elements a mini-
mum fire protection rating. This is the number of hours the struc-
tural element must be able to resist fire without being affected 
by flame, heat, or hot gases. It is essentially a fire endurance 
rating. Where construction is required to be fire-resistant, it must 
typically have 1‐hour fire‐resistant construction throughout. It is 
essential to verify fire-resistance requirements with current ap-
plicable codes.

occupancy Hazard classifications
Building codes classify various occupancies according to fire 
hazard. (See Table 18.3) These classifications are used to de-
termine the design of sprinkler systems. Generally, sprinkler 
systems are required for Factory, Hazardous, and Storage oc-
cupancies, or where large groups of people are present, as in 
Assembly, Institutional and large Mercantile and Residential oc-
cupancies. The requirements are based on the number of occu-
pants, the mobility of the occupants, and the types of hazards 
present. Verify occupancy classifications with authorities with 
jurisdiction.

Many codes now require sprinklers in residential occupan-
cies. Residential sprinklers that are tested and listed for pro-
tection of dwelling units are designed for fast response. They 
are sensitive to both smoldering and rapidly developing fires. 
They are designed to have one or two heads open quickly to 
prevent smoke and toxic gases from filling small rooms. Resi-
dential sprinklers are designed to deliver water high enough on 
walls and ceilings to prevent the fire from getting above the 
sprinklers. By cooling the ceiling, they reduce the number of 
sprinklers that open, limiting water damage.

Residential systems are designed for buildings that do not 
ordinarily have sufficient water supply capacity for standard 
sprinkler systems. Most codes that require residential sprinkler 
systems exempt bathrooms up to 55 square feet (5.1 meters2); 
closets with a smallest dimension up to 3 feet (0.9 m); open 

Table 18.2 seleCTed nFpa Codes and sTandards
Title description

NFPA 101® Life Safety Code® Minimum requirements for means of egress, fire alarm systems, fire and smoke 
detection equipment.

NFPA 70: National Electrical Code (NEC) 
Article 760 Fire Alarm Systems

Fire alarm system wiring including fire detection and alarm notification, sprinklers, 
safety functions, damper control, fan shutdown. Includes elevator capture and 
intercom.

NFPA 72®: National Fire Alarm and 
Signaling Code

Regulations for protective signaling systems and their components.

NFPA 80: Standard for Fire Doors and 
Other Opening Protectives

Regulates installation and maintenance of assemblies and devices used to protect 
openings in walls, floors, and ceilings against the spread of fire and smoke.

NFPA 99: Health Care Facilities Code Fire and life safety issues in healthcare facilities.

NFPA 220: Standard on Types of 
Building Construction

Defines construction assemblies based on combustibility and fire resistance rating of 
their structural elements.
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porches, garages, and carports; uninhabitable attics and crawl 
spaces not used for storage; and entrance foyers that are not 
the sole means of egress.

meanS oF egreSS
A means of egress is a continuous and unobstructed path of 
travel from any point in the building to its exit or a public way. 
The means of egress is also the path of travel an occupant uses 
to obtain a safe area of refuge within the building. A means of 
egress must provide safe and adequate access from any point 
in a building to protected exits leading to a place of refuge. 
There are three components to an egress system: exit access, 
exit, and exit discharge. (See Figure 18.5)

The threat of panic behavior in a fire drives many code require-
ments, although panic behavior is actually rare. In a fire, building 
occupants typically make decisions in a predictable manner. First, 
they detect the smell of smoke; the sounds of breaking glass, 

sirens, or alarm bells; or more rarely, the sight of flames. Next, the 
occupants define how severe they believe the fire to be. How other 
people act is influential, and can even result in a refusal to evacuate 
in the early stages of a fire. This is followed by coping behavior, the 
decision whether to flee or fight the fire. Clear exit pathways and 
access to firefighting equipment are critical to the decision. The 
NFPA Fire Protection Handbook discusses human behavior in fires.

Typical building code requirements indicate the number of 
exits that must be provided for fire egress, the width of doors, 
passageways, and fire stairs, and the acceptable length of travel. 
Specific requirements vary with building type and occupancy.

Building types
Means of egress requirements differ with various building types. 
Low‐rise buildings are typically easier to evacuate than high‐rise 
buildings. As we have observed, death and injury by fire occurs 
more often in residential buildings.

low‐rISe anD HIgH‐rISe BuIlDIngS
In low‐rise buildings, it is a reasonable goal to evacuate all oc-
cupants between the detection of the fire and the arrival of the 
firefighters. (See Table 18.4) This is not the case with high‐rise 
buildings.

Firefighting equipment is ordinarily limited to seven floors, 
or around 90 feet (27 m). Fire codes classify buildings with an 
occupiable floor more than 75 feet (23 m) above the lowest fire 
department access as high‐rise, with special design consider-
ations that apply.

Frequently, only two exit stairways are provided in a high‐ 
rise building. A 15‐story building housing 60 persons per 

Table 18.3 oCCupanCy Hazard ClassiFiCaTions
Classification Contents Conditions similar To: maximum sprinkler spacing

Light Hazard Low quantity, combustibility, 
and rate of heat release. 
Relatively easy fire 
protection.

Residential, churches, 
auditoriums, hospitals, 
museums, offices, restaurant 
seating areas, educational, 
institutional

15 feet (4.6 m). Protection area per 
sprinkler head maximum 200 square 
feet (18 m2). Sprinklers do not need to 
be staggered.

Ordinary Hazard Moderate to high quantity 
and rate of heat release, 
relatively low to high 
combustibility. Materials 
may cause rapidly 
developing fires.

Bakeries, laundries, dry 
cleaners, manufacturing 
facilities, large library stack 
areas, mercantile, post offices, 
restaurant service areas, stages

15 feet (4.6 m). Protection area per 
sprinkler head maximum 130 square 
feet (12 m2) for noncombustible 
ceiling and 120 square feet (11 m2) for 
combustible ceiling. Sprinklers must 
be staggered if over 12 feet (3.7 m) 
between heads.

Extra Hazard Very high quantity and 
combustibility, rapid 
fire; severe hazard. Fire 
development with high heat 
release rates may occur.

Aircraft hangars, plywood and 
particle board manufacturing, 
textile processing, upholstering 
with plastic foams, paint shops

12 feet (3.7 m). Protection area per 
sprinkler head maximum 90 square 
feet (8.4 m2) for noncombustible 
ceiling, 80 square feet (7.4 m2) 
for combustible ceiling. Sprinklers 
staggered if over 8 feet (2.4 m) 
between heads.

Figure 18.5 means of egress components
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floor per stair can be evacuated in around 9 minutes. A 50‐
story building with 240 persons per floor per with the same 
stair size takes at least 2 hours, 11 minutes, to evacuate. 
When doors are held open, smoke enters the stairwell. Con-
sequently, people are increasingly advised, but may refuse, 
to evacuate.

reSIDentIal egreSS
A single means of egress is generally permitted when there 
is a maximum of 10 occupants and where the length of travel 
within a dwelling unit does not exceed 75 feet (23 m); this 
applies even if an individual residence is multistory. The exit 
must be directly to the outside or, if within a multifamily 
structure, to a floor that has the prescribed number of ex-
its required by the floor area and/or occupancy load exiting 
on that floor (typically at least two). Exits must be located 
according to appropriate remoteness and travel distance 
requirements.

The 2015 IRC requires that the means of egress provide 
a continuous and unobstructed path of vertical and horizontal 
egress travel from all portions of the dwelling to the required 
egress door without requiring travel through a garage. At least 
one side‐hinged egress door with a clear opening width of not 
less than 32" (813 mm) is required to be provided for each dwell-
ing unit. The clear height of this required egress door opening 
shall be at least 78" (1981 mm). Egress doors are required to 
be readily operable from inside the dwelling without the use of a 
key or special knowledge or effort.

The 2015 IRC requires that basements, habitable attics, and 
every sleeping room have at least one operable emergency es-
cape and rescue opening that opens directly into a public way, 
or to a yard or court that opens to a public way. Where base-
ments contain one or more sleeping rooms, such an opening is 
required in each sleeping room. The 2015 IRC details require-
ments for emergency egress through an opening below grade, 
where either a window well or bulkhead must be provided.

Always verify means of egress requirements with current edi-
tions of the codes recognized by the authorities having jurisdic-
tion for a specific project.

means of egress components
As indicated earlier, any means of egress has three com-
ponents: the exit access, the exit, and the exit discharge. A 
means of egress is comprised of both vertical and horizontal 
passageways including doorways, corridors, stairs, ramps, en-
closures, and intervening rooms. The international construction 
codes and Life Safety Code set most egress requirements. The 
Americans with Disability Act (ADA) should also be reviewed for 
related requirements.

All areas or spaces within a building should have at least 
one exit door or exitway that cannot be locked against egress. 
At least two of the lockable exits in all rooms, spaces, and areas 
that can be occupied by more than 50 people must not be lock-
able against egress.

To calculate the minimum egress widths per floor, calculate 
the net or gross floor area, as specified in the applicable code 
table. Then divide the calculated floor area by the occupant load 
to get the number of occupants for whom exits must be pro-
vided for that floor.

The next step is to calculate the exit capacity based on 
its clear width. Although requirements vary, generally the re-
quired egress width per person is 0.3" (7.6 mm) for stairs 
and 0.2" (5.1 mm) for other elements. A design is usually 
based on a 22" (559 mm) wide unit of exit. For an additional 
fraction under one‐half, add 12" (305 mm), or a full unit for 
over one‐half.

Doors along an escape route in most cases must open in 
the direction of travel from indoors to outdoors; this may not 
be required for occupancies of fewer than 50 people. A door 
swinging outward can interfere with an exit passageway and is 
best recessed, but most codes allow a door to project into a 
corridor as long as does not reduce the width of the passage-
way by more than half.

exIt acceSS
The exit access is that portion of a means of egress that leads 
to an exit. An exit access leads from the room or space to the 
exit, and can include doors, stairs, ramps, corridors, aisles, and 
intervening rooms. (See Figure 18.6) The exit access does not 
necessarily require a fire rating nor need to be fully enclosed. 
When a fire rating is required, it is usually one hour.

Table 18.4 evaCuaTion Code provisions For low‐rise buildings
egress Component provisions

Exit access Clearly defined pathways to exits. Keep relatively clear of smoke. Minimum clear wheelchair access 32" 
(813 mm).

Vertical egress exits Smokeproof towers, exterior and interior stairs and ramps, some escalators.

Horizontal egress exits Doors leading directly to outside, 2‐hour fire‐rated enclosed hallways, moving walks. Special horizontal 
exits have internal firewalls with two fire doors swinging in opposite directions.

Exit discharge Area to outside exits leading to a public way.
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Doors in an exit access are regulated as to type, size, 
and swing direction, depending upon where they are located. 
Doors along a corridor must be fire‐rated. A minimum height 
of 80"(2032 mm) is typically required. Large spaces with high 
occupancies may require two or more exit access doorways.

An exit access corridor is any corridor leading to an exit 
in a building. The typical corridor may require a 1‐hour rating. 
The width and maximum length of travel of the corridor are 
limited by codes and by accessibility requirements. Exit access 
corridors must be enclosed by walls of fire‐resistive construc-
tion in order to serve as required exits.

An aisle is a pathway created by furniture, equipment, mer-
chandise, or other obstructions with a maximum wall height of 
69" (1753 mm). If the furniture or equipment is any higher, it 
is considered a corridor. The pathways between movable pan-
el systems in offices are considered aisles, as are the paths 
between tables and chairs in restaurants and display racks in 
stores. Rules for aisles that are part of an exit access are simi-
lar to those for corridors.

The 2015 International Building Code (IBC) requires an 
aisle accessway that provides a path to an adjacent aisle or 
aisle accessway to be 30" (762 mm) in Groups B and M where 
not required to be accessible. Display areas for merchandise 
(merchandise pads) must have a 30" (762 mm) minimum aisle 
accessway on at least one side. Check the Americans with Dis-
abilities Act (ADA) for specific dimension requirements for ac-
cessible spaces.

According to the 2015 IBC, the required clear width of aisle 
access ways adjacent to seating at a table or counter is mea-
sured to a line 19" (483 mm) away from and parallel to the edge 
of the table or counter. Where tables or counters are served 
by fixed seats, the aisle or aisle accessway width is measured 
to walls, edges of seating, and tread edges. (See Figure 18.7) 
Other requirements also apply.

Assembly occupancies sometimes have fixed seating for 
large numbers of people. Codes restrict aisle widths depending 
upon the size of the occupancy, the number of seats served by 

each aisle, and whether the aisle is a ramp or a stair. The mini-
mum distances between seats and where the aisles terminate 
are also regulated.

An exit access should be as direct as possible. In some proj-
ects, the access path may need to pass through an adjoining 
room or space before reaching a corridor or exit. This may be 
allowed if the path is a direct, unobstructed, and obvious means 
of travel toward the exit.

Codes may allow smaller rooms to empty through larger 
spaces to access a corridor. Reception areas, lobbies, and 
foyers are allowed as long as they meet code requirements. 
Kitchens, storerooms, restrooms, closets, bedrooms, and oth-
er spaces subject to locking are generally not allowed as part 
of an exit access except in a dwelling unit or where there is a 
limited number of occupants. Rooms with a higher susceptibility 
to fire are also restricted.

No single floor should have steps or stairs within a means of 
egress. Ramps can be used wherever there is a change of eleva-
tion and access is required for people in wheelchairs. Ramps 
have width and clearance requirements similar to those of cor-
ridors. Ramps require landings at certain intervals and with cer-
tain dimensions depending on the length of the ramp and the 
number of changes in direction. Landings are also required at 
the top and bottom of the ramp. The ramp and landings require 
specific edge details and a nonslip surface. Handrails are typi-
cally required when ramps exceed a certain angle or rise, and 
guards may also be required.

For more information on ramps, see Chapter 5, “Floor/Ceiling 
Assemblies, Walls, and Stairs.”

exItS
The exit is the portion of a means of egress that is separated 
from all other spaces of a building. The exit leads from the exit 
access to the exit discharge, and must provide an enclosed, 
protected means of evacuation for occupants of the building in 
the event of fire. There are specific requirements for the quan-
tity, location, and size of exits, along with other code and ac-
cessibility requirements similar to those for the exit access. The 
exit must be fully enclosed and fire‐rated with minimal penetra-
tions. Exits are typically required to have a 2‐hour fire rating, 
as compared to the exit access and exit discharge that usually 
require one hour.

Vertical exits include smokeproof towers, exterior and in-
terior stairs and ramps, escalators meeting specific require-
ments, and in some cases, elevators. Horizontal exits comprise 
doors leading directly to the outside, 2‐hour fire‐rated enclosed 
hallways, and moving walks. Special horizontal exits consist of 
internal firewalls penetrated by two fire doors, with one door 
swinging in each direction.

The exit must either open into another exit, an exit dis-
charge, or directly onto a public way. A fire exit is generally 
a 2‐hour‐rated fire stair, a fire‐protected horizontal passage 

Figure 18.6 exit access 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 245

To Exit

To Exit
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Figure 18.7 aisle access 
Source: Redrawn from Francis D.K. Ching and Steven R. Winkel, Building Codes Illustrated (2nd ed.), Wiley 2007, page 163
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across an acceptable fire barrier, or a door opening directly 
to the outside from a ground floor room or corridor. In some 
cases, it may be an exit passageway with walls of fire‐rated 
construction.

One exit is required for a room with fewer than 50 occu-
pants. Two remotely located doors are required per room with 
50 or more occupants. The one‐half diagonal rule usually 
applies. It states that, for individual rooms, floors, and over-
all buildings, two exits must be separated by distance at least 
one‐half the dimension of a diagonal line drawn across the area 
under consideration.

Codes usually require that each door be sized to handle 
at least half of the occupants, even if there are more than two 
doors. This typically also applies to exit doors and fire stairs. 
Some exceptions may apply for places of assembly.

The maximum distance permitted from the door of any room 
to the farthest protected exit is usually 150 to 200 feet (46 to 
61 meters). The floor with the largest number of occupants re-
quires the highest number of exits. Four exits are required by 
code for any occupant load over 1000. This load carries down 
to all the floors below the fourth, which everyone must pass to 
leave the building. (See Table 18.5)
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exIt PaSSagewayS
An exit passageway is a fully enclosed, fire‐rated corridor or 
hallway connecting a required exit or exit court with a public 
way. It provides the same level of protection as an exit stair. 
The exit passageway consists of the surrounding walls and the 
doors leading into it, has no openings other than required exits, 
and is enclosed by fire‐resistive construction as required for the 
walls, floors, and ceiling of the building served.

An exit passageway is most commonly used to extend an 
exit. If an enclosed exit stairway is not located at an exterior 
wall, the exit passageway can connect the bottom of the exit 
stair to an exterior exit door. Its length is limited to the maxi-
mum dead‐end corridor permitted by code.

An exit passageway can be used to shorten the distance to 
an exit by adding an enclosed, fire‐rated corridor leading to a 
door at an exit stair. This gives a new end point for measuring 
the distance to the exit, and can help comply with code require-
ments for travel distances to an exit.

An exit access such as a corridor can also exit into an exit 
passageway. This may occur on the ground floor of a building 
when secondary exits are required, as in malls and office build-
ings with central building cores. The exit passageway is created 
at the building perimeter between two tenants, so that an exte-
rior door can be reached off the common corridor.

exIt DIScHargeS
All exits must discharge to a safe place of refuge outside the build-
ing, such as an exit court or public way at ground level. An exit 
discharge may be a courtyard, patio, or exterior vestibule con-
necting the exterior exit door to the public way. A public way is 
a street, alley, or similar parcel of land open to the sky and per-
manently available for free passage and use of the general public. 
Small alleys or sidewalks less than 10 feet (3 meters) wide are not 
considered public ways, and become exterior exit discharges con-
necting the exterior exit door to a larger alley, sidewalk, or street.

The width of the exit discharge is determined by the width 
of the exit it supports and by applicable accessibility require-
ments. If more than one exit opens into an exit discharge, the 
width is the sum of the various exits’ requirements. A minimal 
ceiling height of 8 feet (2.4 meters) is typically required.

In the main building lobby, the distance between the door 
of an exit stair and the exterior door is considered to be an exit 
discharge. A foyer or vestibule (a small enclosure on the ground 
floor of a building between the end of a corridor and the exterior 
exit door) can be part of an exit discharge. If the size of such 
an enclosure is kept to the minimum, the codes may not require 
a high fire rating. A larger enclosure may be considered an exit 
passageway, which may require a higher rating.

exIt SIgnS
Exit signs are usually required wherever two or more exits are 
mandated by code. Exit signs are located at the doors of all 
stair enclosures, exit passageways, and horizontal exits on all 
floors. An exit sign is placed at an exterior exit door and at any 
door exiting a space or area when the direction of egress is 
unclear, with directional signs at other places. Some smaller 
occupancies may not require exit signs. It is advisable to clearly 
label any door, passage, or stair that is “Not an Exit.”

Within an exit access, the maximum distance from an exit 
sign is limited to 100 feet (30.5 meters). The 2015 IBC requires 
exit signs to be mounted flush to the door or wall near the floor 
in guest rooms in Group R‐1 occupancies, in addition to ceiling-
or wall-mounted signs. (See Figure 18.8)

For more information on exit signs, see Chapter 17, “Lighting 
Systems.”

travel DIStanceS anD DeaD‐enD corrIDorS
Most tables used to determine the maximum travel distance 
allowable to reach the nearest fire exit make a distinction be-
tween sprinklered and unsprinklered buildings. However, this 
distinction is currently under review as some code officials be-
lieve that existing allowances for sprinklers to have raised the 
maximum distance above reasonably safe levels. Check current 
applicable codes.

Table 18.5 sample number oF exiTs For 
mulTisTory building
Floor 
number

occupancy 
load

number 
of exits

minimum 
number exits

Floor 8 450 2 exits 2 exits required

Floor 7 825 3 exits 3 exits required

Floor 6 495 2 exits 3 exits required

Floor 5 800 3 exits 3 exits required

Floor 4 1020 4 exits 4 exits required

Floor 3 982 3 exits 4 exits required

Floor 2 905 3 exits 4 exits required

Floor 1 400 2 exits 4 exits required

Basement 51 2 exits 2 exits required

Source: Data from Sharon Koomen Harmon and Katherine E. Kennon, 
The Codes Guidebook for Interiors (5th ed.), Wiley 2011, page 166

Figure 18.8 Floor-level exit sign location

10" to 12" (254 
to 305 mm)

4" (102 mm) max.
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A dead‐end corridor is typically a branch off a main corri-
dor that links at least two fire stairs. This arrangement provides 
only one means of egress until it meets the main corridor. 
The 2015 IBC requires that where more than one exit or exit 
access doorway is required, the exit access shall be arranged 
such that there are not dead ends in corridors more than  
20 feet (6 meters) in length. Length limits for other conditions 
and other requirements also apply.

exIt StaIrS
An exit stair is the most common type of exit and comprises 
a protected enclosure. (See Figure 18.9) The exit stair includes 
the stair enclosure, any doors opening into or exiting out of 
the stairway enclosure, and the stairs and landings inside the 
enclosure. The enclosure of an exit stair must be constructed 
of rated assemblies.

An exit stair may lead to an exit passageway, an exit court, 
or public way. The doors of an exit stair must swing in the direc-
tion of the exit discharge. Exit stairs must allow firefighters to 
move up while occupants move down. They are sized to meet 
requirements that allow people in the stairwell to continue down 
without interference from doors. Unenclosed access stairs do 
not count as required exit stairs.

Enclosed stairs may fill with smoke. Two separate exit stairs 
within the same shaft (called scissor stairs) are not recommend-
ed as their entrances are too close together; this arrangement 

could create confusion, and a fire could block both entrances. 
The safest fire stairways are in smokeproof towers, with 
stairs having direct access to outdoor air at each floor.

Code requirements for the number and size of fire stairs 
consider both economic and safety issues. People use stairs 
more where there are more and larger stairways. Making them 
more visible with code‐approved fire‐resistant glazing increases 
their appeal.

Most of the stairs that we deal with in buildings are exit 
stairs. Another category covered by codes is the exit access 
stair, which is not as common as a typical exit stair. Exit access 
stairs are usually used within a space when one tenant occupies 
more than one floor of a building or where there is a mezzanine. 
Exit access stairs usually do not need a fire‐rated enclosure un-
less they connect more than two floors.

For more information on exit stairs and ramps, see Chapter 5, 
“Floor/Ceiling Assemblies, Walls, and Stairs.”

occuPant loaDS
Building codes use the occupant load to establish the required 
number and width of exits for a building. The occupant load de-
termines the maximum number of people allowed in a specific 
occupancy at any one time.

Note that the occupant load is not the same as an occupancy 
classification. An occupancy classification indicates the use of 
the space, rather than the number of people occupying it.

The code assigns a predetermined amount of space or 
square feet that is required per occupant within specific occu-
pancies and building uses. This amount of space is called the 
occupant load factor.

The occupant load of a space is the total number of persons 
that may occupy a building or portion of a building at any one 
time. It is determined by dividing the floor area assigned to a 
particular use by the square feet (in the United States) per oc-
cupant permitted in that use.

The occupant load is calculated using the area inside the exte-
rior walls. Some load factors are calculated in gross square feet, 
including interior wall thicknesses and all miscellaneous spaces 
in the building as a whole. Others are based on net square feet of 
actual occupied space, not including corridors, restrooms, utility 
closets, and other unoccupied areas. Sometimes fixed items that 
take up space, such as interior walls, columns, built‐in counters, 
and shelving are deducted from the number of square feet used 
in the calculations. Once again, check the specific current code 
for the jurisdiction of your project.

areaS oF reFuge
areas of refuge (refuge areas) are provided in high‐rise build-
ings and for wheelchair users in multistory buildings. In large Figure 18.9 exit stair



358    |    FIRE SAFETY, CONVEYANCE, SECURITY, AND COMMUNICATIONS 

buildings, not everyone may be able to evacuate in time, and ref-
uge areas provide a place to wait that is protected from smoke. 
Ideally, refuge areas should remain free of smoke, gases, heat, 
and fire throughout the fire and until rescue. The Americans 
with Disabilities Act (ADA) sets minimum requirements for ac-
cessible spaces in refuge areas.

Areas of refuge are commonly located adjacent to a protect-
ed stairway, and are protected from smoke. (See Figure 18.10) 
They are provided with communications devices to summon fire-
fighters to rescue the people in the refuge.

When a stairway is used as a refuge area, it is designed to 
hold all the building occupants, allowing 3 square feet (0.28 
meters2) per person. Horizontal exits can be areas of refuge, as 
can smoke‐protected vestibules or enlarged landings adjacent 
to exit stairways.

In an exit stairwell, the landings at the doors entering the 
stairs can be enlarged so that one or more wheelchairs can 
wait for assistance without blocking the means of egress. An 
alternative arrangement provides an alcove for wheelchairs in 
a portion of an exit access corridor located immediately ad-
jacent to the exit enclosure. Another possibility is to provide 
space immediately adjacent to an exit enclosure by creating 
an enclosed exit discharge such as a vestibule or foyer. (See 
Figure 18.11)

elevatorS anD eScalatorS
Elevators are not normally used as part of a means of egress 
because of their inherent unreliability in a fire. When a fire alarm 
is set off, all elevators are immediately recalled to the ground 
floor. Firemen with special keys can manually operate the eleva-
tors so that firefighters with respirators can take fire equipment 
quickly to the floor below the fire.

Currently, code and fire safety officials are reconsidering 
the use of elevators for occupant evacuation in very tall build-
ings. They are already used in some Asian buildings to aid evac-
uation, and are being investigated for use in the United States. 
The use of elevators by occupants during emergency situations 
has been employed in the Stratosphere Tower in Las Vegas, 
Nevada.

For more information on elevators and fire safety, see Chapter 
19, “Conveyance Systems.”

vertIcal oPenIngS
Because the fire’s vertical spread through the building is the 
biggest problem, requirements around vertical openings tend to 
be especially strict in order to prevent the convection of fire and 
combustion products through the building. Open vertical shafts 
of any kind, including stairs, elevators, ductwork, and electrical 
wiring and piping chases, must be enclosed with fire‐rated walls 
with self‐closing fire‐rated doors at each floor.

The code status of complex multilevel stairways with walls 
of varying heights may be difficult to sort out. An interior de-
signer may need to consult an architect, code specialist, and/
or building official to make the call.

The only exception to the enclosure requirement for vertical 
shafts is a vertical atrium. An atrium is defined in codes as a 
roofed, occupied space that includes a floor opening or a series 
of floor openings connecting two or more stories. Atriums are 
often found in shopping arcades, hotels, and office buildings. 
Balconies around the atrium may be open to it, but surrounding 
rooms must be isolated from balconies and from the atrium 
by fire‐rated walls. An exception is made for any three floors 
selected by the building’s designer, so that lobby spaces on 
several floors can be continuous with the atrium.

Codes require a 6 foot (1.8 m) deep curtain board as a 
smoke barrier at the opening to the atrium at each floor. (See 
Figure 18.12) Smoke detectors and motorized dampers in ducts 
are required.

Figure 18.10 area of refuge near stairway 
Source: Redrawn from Sharon Koomen Harmon and Katherine E. Kennon, 
The Codes Guidebook for Interiors (5th ed.), Wiley 2011, page 159
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Figure 18.11 area of refuge near elevator lobby 
Source: Redrawn from Sharon Koomen Harmon and Katherine E. 
Kennon, The Codes Guidebook for Interiors (5th ed.), Wiley 2011, 
page 159
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A building with an atrium must have sprinklers throughout, 
with sprinklers located 6 feet (1.8 m) on center at the lobby level, 
the atrium floor level, and where other floors open to an atrium, 
to create a water curtain. The frames for glazing at the perimeter 
of the atrium should be designed for thermal expansion so that 
they will not cause their glass to break when they get hot. The 
atrium must be provided with fans with dampers that open and 
turn on automatically in case of fire to bring fresh air into the 
space at ground level and exhaust smoke at the ceiling level.

HorIzontal exItS
Horizontal exits are passages through a wall constructed as 
required for an occupancy separation, protected by an auto-
matic‐closing fire door, and leading to an area of refuge in the 
same building or on approximately the same level in an adjacent 
building. (See Figure 18.13) Occupants escape from a fire on 
one side by moving horizontally through self‐closing fire doors 
to the other side to the safety of an area of refuge.

Doors in a horizontal exit must be fire‐rated and swing in the 
direction of travel to the exit. If the horizontal exit has an area of 
refuge on either side, it must have two doors together, swinging 
in opposite directions, so that occupants can push through the 
doorway in either direction.

When you pass through the door of a horizontal exit, the whole 
space beyond is considered an area of refuge where you can either 

wait for assistance or use another exit to leave the building. Hori-
zontal exits are used to provide refuge for large building popula-
tions in healthcare, detention, and educational buildings.

Horizontal exits may reduce the number of other types of 
exits required, but codes place limits on the total number of 
horizontal exits a building can have. Horizontal exits are only 
allowed when two or more exits are required.

ProtectIng tHe BuIlDIng
The structure of a building is protected to prevent collapse of 
the building within the time the fire runs its course or to delay 
the collapse of low buildings until all occupants have escaped 
and firefighters have had a reasonable chance to save the build-
ing. The building may survive to be salvaged rather than being 
demolished after the fire. Protecting the structure protects the 
occupants, firefighters, and neighboring buildings. Tall buildings 
present a significant danger if all or part of the building falls.

The most important elements of the structure to be pro-
tected are the columns. Next in importance are the girders and 
the beams, and lastly, the floor slabs.

Most large buildings are constructed of either reinforced 
concrete or protected steel. Steel does not burn but loses much 
of its structural strength in a fire and will sag or collapse at the 
sustained temperatures frequently reached by ordinary build-
ing fires. Concrete is more resistant to fire than steel, but its 
cement binder can disintegrate, potentially resulting in serious 
structural damage if the fire lasts long enough.

Steel beams and columns are encased in concrete, lath, and 
plaster, or surrounded with multiple layers of gypsum wallboard 
(drywall) for protection. (See Figure 18.14) They are also some-
times sprayed with lightweight mineral insulation in cementitious 

Figure 18.12 Curtain board 
Source: Redrawn from Walter T. Grondzik and Alison G Kwok, Mechanical 
and Electrical Equipment for Buildings (12th ed.), Wiley 2015, page 1154
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binders or have preformed slabs of mineral insulation attached 
to them. (See Figure 18.15) intumescent coatings, in the form 
of paint or a thick coating that is put on with a trowel, soften 
when exposed to heat and release bubbles of a gas that ex-
pands the coating to create a protective insulating layer.

Brick, tile, and mineral fibers that are unaffected by fire can be 
used to protect the building structure. However, their mortar joints 
may disintegrate, potentially causing the construction can fail.

For more information on building structural systems, see Chap-
ter 4, “Building Forms, Structures, and Elements.”

Low industrial and commercial buildings of unprotected 
steel are considered to be noncombustible, but there is an un-
likely possibility that they may collapse rapidly in a hot fire be-
fore occupants have time to escape. Buildings constructed of 
heavy timber are considered to be slow burning buildings, and 
are permitted to be one to two stories higher than unprotected 
steel buildings. Plaster or gypsum wallboard walls and ceilings 
offer one‐half hour of protection for smaller wooden buildings.

compartmentation
Compartmentation protects the building’s occupants and 
property by confining the fire, heat, smoke, and toxic gases to 
the area of their origin until the fire is extinguished or burns itself 
out completely. An entire building or a large space can be divided 
into two or more separate spaces, each totally enclosed within 
a fire barrier envelope of floor/ceiling assemblies and walls. This 
prevents the spread of fire, smoke, and heat beyond a restricted 
area of the building.

Compartmentation is required between different types of 
functions within a building. Compartmentation is also used to 
provide areas of refuge for occupants and firefighters. In row 
houses, walls separate dwellings into separate compartments.

Compartmentation is used to isolate spaces where fires 
often originate or where they are especially unacceptable. Code 
required fire-resistance levels for fire‐rated construction range 
from 30 minutes to 4 hours. Construction assemblies are test-
ed for structural adequacy, integrity, and insulation.

Openings in firewalls must be protected by fire‐rated doors and 
fire dampers in forced‐air systems. Fire‐resistant barriers to limit 
vertical fire spread are required by codes. Roll‐down shutters and 
accordion doors can also be used to compartmentalize a building.

FIre BarrIerS
Fire barriers are fire‐rated structural elements. They include wall, 
ceiling, or floor systems that prevent the spread of flame and heat 
through the use of fire‐rated structural materials with fire‐resistant 
(FR) ratings. Fire barriers can be divided into three types. Fire-
walls have the highest fire ratings and are usually part of the build-
ing shell. Fire separation walls are used to create fire‐rated com-
partments within a building. The fire ratings of the third category, 
floor/ceiling assemblies, depend on the walls they surround.

Firewalls, also called party walls, are often used to subdi-
vide a building into two separate types of construction. Fire-
walls combine with fire‐resistant floors to contain fires both hori-
zontally and vertically. (See Figure 18.16) They are also used to 
separate one occupancy from another in a mixed‐use building.

Figure 18.15 Column with spray‐on fire protection 
Source: Courtesy of Herb Fremin

Figure 18.16 section showing firewalls and fire‐resistant floors 
Source: Redrawn from Francis D.K. Ching, Building Construction Illustrated 
(5th ed.), Wiley 2014, page 2.07
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Firewalls provide continuous protection from the foundation 
of the building to the roof and to each exterior wall. They are built 
so that if one side of the wall falls, the other side would remain 
standing. Firewalls typically have 3‐ to 5‐hour ratings.

Building codes limit the number of penetrations in a fire-rated 
wall. Interior designers generally are not involved in designing 
firewalls, but our work may involve penetrations. All openings in a 
firewall are limited to a certain percent of the wall’s length. Open-
ings may require protection by self‐closing firewalls, fire‐rated 
window assemblies, or fire and smoke dampers. Openings for 
penetrations must be carefully sealed to keep the compartment 
airtight and prevent fire spread to adjacent spaces. Any access 
panel doors to utilities must maintain fire barrier ratings.

Fire separation walls, which include tenant separation 
walls (demising walls), corridor walls, vertical shafts, and 
room separations, are more likely than firewalls to be added 
or changed during an interiors project. Tenant separation 
walls create fire rated compartments within a building that 
separate two tenants or dwelling units. They typically require 
1‐hour ratings, depending on the occupancy and whether 
sprinklers are used.

Corridor walls have ratings of from one to two hours depend-
ing upon how corridors are used, the occupancy, and whether 
sprinklers are used. Corridor walls that are used as exits usually 
have a 2‐hour fire rating, and corridors used as exit accesses 
generally require 1‐hour ratings. Typically, codes require that 
corridor walls be continuous from floor slab to floor slab and 
penetrate suspended ceilings. Some corridor walls may also act 
as demising walls, and then stricter requirements apply.

The walls that create vertical shaft enclosures for stairwells, 
elevators, and dumbwaiters are usually continuous from the bot-
tom of the building to the underside of the roof deck. Stairs used 
as part of an exit have requirements for fire ratings, can only 
have limited penetrations, and may require that the enclosure be 
smokeproof. Stair enclosures are required to have a 1‐hour fire 
rating for up to three stories, and 2‐hour ratings for four or more 
stories. Where stairs connect only two floors within a single oc-
cupancy, the space may be considered to be an atrium, and the 
enclosure restrictions may be less restrictive.

Most rooms within a space do not require fire rated walls. 
Where the contents of the room may be hazardous, codes may 
specify that they be separated from the rest of the building by 
a fire rated wall.

Fire rated floors and ceilings are rated as either floor/ceiling or 
roof/ceiling assemblies. The assembly consists of everything from 
the bottom of the ceiling material to the top of the floor or roof 
above. This includes all the ducts, piping, and wires between the 
finished ceiling and the finished floor above it. The required ceiling 
rating is determined by the ratings of the surrounding walls.

concealeD SPaceS
Fire can spread quickly in concealed spaces over suspended 
ceilings, behind walls, within pipe chases, in attics, and under 
raised floors. Noncombustible materials should be specified 
wherever possible in these spaces. Automatic fire detection 

and suppression systems and oxygen deprivation systems can 
be used in concealed spaces. Compartmentalization with fire-
stops or firewalls can break up continuous concealed spaces. 
Automatic fire detection and suppression equipment, including 
oxygen deprivation approaches, can be used in unoccupied con-
cealed spaces.

construction assemblies and elements
ASTM E‐119—Standard Test Methods for Fire Tests of Building 
Construction and Materials establishes 1‐hour, 2‐hour, 3‐hour, 
and 4‐hour ratings for construction assemblies. Assemblies 
that are tested according to this standard include permanent 
partitions, shaft enclosures for stairways and elevators, floor/
ceiling constructions, doors, and glass openings. Doors and 
other opening assemblies also receive 20, 30, and 45‐minute 
ratings.

Any opening that pierces the entire thickness of a construction 
assembly is referred to as a through‐penetration. Codes require 
that penetrations in fire‐rated assemblies be protected with fire as-
semblies in the form of fire doors, fire windows, firestops, and fire 
dampers. These opening protectives or through‐penetration pro-
tection systems must have fire protection ratings. The combined 
width of all openings must not exceed 25 percent of the length of 
the wall. Usually, no opening greater than 120 sq. ft. (11 square 
meters) is permitted. Any assembly that passes the required tests 
must have a permanent label attached to it to prove it is fire‐rated.

FIre DoorS
Fire doors are actually entire door assemblies. The typical fire 
door includes the door itself, the frame, the hardware, and the 
doorway (wall opening). Fire door assemblies are required to 
protect the openings in fire‐rated walls. The whole assembly is 
tested and rated as one unit.

Exit access corridor enclosure walls require a 1‐hour con-
struction assembly rating, and doors in those walls require at 
least a 20‐minute rating. For a firewall with a required 4‐hour 
assembly rating, a door with a 3‐hour rating is required.

Many types of doors are regulated as fire doors by build-
ing codes, including swinging and vertical sliding doors, along 
with accordion folding, roll‐down, and bi‐parting doors among 
others.

Fire doors are typically flush, either solid‐core wood or met-
al, with mineral composition cores. A few panel doors may meet 
fire door requirements, and some fire doors may have applied 
finishes to improve their appearance. Frames are wood, hollow 
metal, steel, or aluminum. The doorframe and hardware must 
have a fire rating similar to that of the door itself. The maximum 
fire door size is 4 by 10 feet (1.2 by 3 m).

Hardware for fire doors includes hinges, latches and lock-
sets, and pulls and closers. Hinges, latchsets, and closing de-
vices are the most stringently regulated as they must hold the 
door closed securely during a fire, and must withstand the pres-
sure and heat the fire generates. The door must be self‐latching 
and equipped with a closer. (See Figure 18.17)
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Door closers are hydraulic or pneumatic devices that auto-
matically close doors quickly but quietly. Building codes require 
the use of self‐latching, self‐closing doors with UL‐rated hard-
ware to protect openings in firewalls and occupancy separa-
tions. For doors that are normally kept in an open position, an 
automatic closing device uses a fusible link that is triggered 
by heat or activated by the smoke detector to close the door. 
Other doors with lower ratings may require self‐closing devices 
to close the door after each use.

Fire‐rated exit doors also require a specific type of latch. 
The most common is called fire exit hardware, and consists 
of a door‐latching assembly that disengages when pressure is 
applied on a horizontal bar spanning the interior of an emer-
gency exit door at waist height. (See Figure 18.18)

Fire exit hardware is tested and rated. The term “panic hard-
ware” is often used, but technically panic hardware is not tested 
and should not be used on fire‐rated doors.

Fire exit hardware is typically required in Assembly and Edu-
cational occupancies, and is often used on other exit doors. The 
codes also regulate the width, direction of swing, and location 
of required exit doors, according to the use and occupancy of 
the building. The 2010 ADA Standards for Accessible Design 
requires that the force necessary to push open or pull open a 
door be no greater than five pounds.

Fire exit hardware may need to be locked for security rea-
sons. Anyone attempting to use the door will set off an alarm—
not a problem during a fire, but very conspicuous and embar-
rassing otherwise.

For more information on fire doors and windows, see Chapter 6, 
“Windows and Doors.”

wInDowS
The types of windows that are covered by building code fire 
regulations include casement, double hung, hinged, pivot, and 
tilting windows. Stationary windows, sidelights, transom lights, 
view panels, and borrowed lights are also included. Glass block 
walls are also covered by fire regulations.

Building codes regulate the clear opening of any operable win-
dow that serves as an emergency exit for a residential sleeping 
space. Typically, the minimum area permitted is 5.7 square feet 
(0.53 m2), with a minimum clear width of 20" (508 mm) and clear 
height of 24" (610 mm). The sill must be no more than 44" (1118 mm) 
above the floor. Codes may restrict the location of glazing.

Windows with fire ratings typically consist of a frame, wired 
glass, and hardware. They are used for openings in corridors, room 
partitions, and smoke barriers. Window ratings are similar to those 
of doors, with hour classifications usually not greater than one hour.

Wired glass has traditionally been used as fire‐rated glazing. 
(See Figure 18.19) It consists of a wire mesh embedded in the 
middle of a glass sheet. The wire distributes heat and increases 
the strength of the glass. Wired glass has relatively low impact 
resistance. Codes are increasingly eliminating the use of wired 
glass in hazardous locations where it is susceptible to impact 
and breakage, such as doors, sidelites, and windows near the 
floor, in all types of buildings.

An alternative to traditional wired glass is ceramic glass 
with up to 3‐hour ratings in doors and up to 90 minutes in other 
locations. Another fire‐rated option is transparent wall panels 
with ratings of up to two hours.

A final category of fire‐rated glazing is specially tempered 
glass. However, these products only carry ratings of 20 or 
30 minutes, and cannot withstand the thermal shock of water 
thrown from sprinklers or a fire hose. Such products are some-
times used in 20‐minute rated doors.

Figure 18.17 door closer

Figure 18.18 Fire exit hardware
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Glass block typically has a 45‐minute rating, with newer types 
available with 60 - to 90 - minute ratings. (See Figure 18.20) Codes 
limit the number of square feet of glass block permitted as an 
interior wall. They also limit glass block used as a view panel in a 
rated wall, where it is required that it be installed in steel channels.

Safety glazing is required for a glazed panel where there 
is a walking surface within 36" (916 mm) horizontally inside or 
outside of the plane of the glazing. (See Figure 18.21) Safety 

glazing is not required when there is a protective bar at least 
1½" (38 mm) wide is installed on the accessible side of the glaz-
ing 34" to 38" (864 to 965 mm) above the floor. Other require-
ments also apply to panes beyond defined limits.

FIre DamPerS anD DraFt StoPS
Fire dampers are used in HVAC ductwork to automatically 
interrupt the flow of air through the duct system during an 
emergency. The fire damper restricts the passage of smoke, 
fire and heat. A fire damper includes a fusible link on either 
side of the assembly the duct penetrates. This link melts dur-
ing a fire, causing the fire damper to close and seal the duct. 
Fire dampers must be installed whenever a duct passes 
through a wall, ceiling, or floor that is part of a fire‐rated 
assembly.

draft stops are required in combustible construction to 
close off large concealed spaces. They are not required to be 
noncombustible themselves. Draft stops are placed between 
the ceiling and the floor above, in attic spaces, and in other 
concealed spaces to create separate spaces and prevent the 
movement of air.

FIreStoPS
Firestops are required at through penetrations in fire and 
smoke barriers. Firestops may also be required in concealed 
spaces between walls and in connections between horizontal 
and vertical planes. Firestops restrict the passage of smoke, 
heat, and flames in concealed spaces. They seal and protect 
openings for plumbing pipes, electrical conduit and wire, HVAC 
ducts, cables, and so forth passing through walls, floors and 
ceilings.

The most common way to create a firestop system is 
to fill the open space with a fire‐rated material and finish 
it with a sealant. Factory‐built firestop devices are typically 
installed as part of a penetration through a wall or ceiling/
floor assembly.

Figure 18.19 wired glass

Figure 18.20 glass block

Figure 18.21 safety glazing limits
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materIalS anD FIre ProtectIon
Fire‐resistant construction involves both reducing the flamma-
bility of a material and controlling the spread of fire. Fire‐rated 
materials, assemblies, and construction have a fire‐resistance 
rating required by their uses. Materials used to provide fire pro-
tection must be noncombustible and able to withstand very high 
temperatures without disintegrating. They should also be low 
conductors of heat to insulate the protected materials from the 
heat generated by a fire. Such materials include concrete, gyp-
sum or vermiculite plaster, gypsum wallboard, and a variety of 
mineral fiber products.

Control starts with careful design and specification of build-
ing materials, finishes, and furnishings. As this book focuses 
on building systems rather than materials, we cover only the 
basics here.

The process of identifying the appropriate finish classifica-
tion begins with identifying the occupancy classification of the 
building or space, and whether it is a new or existing building. 
Building code finish chapters include finish tables specifying re-
quired finishes for different means of egress components and 
types of buildings.

Some occupancies that have special requirements include 
healthcare, detention, or correctional institutions; hotels or 
dormitories; and apartment buildings. Buildings with unusu-
al structures may also have special requirements. Stricter 
finish requirements usually apply where occupants are im-
mobile or have security measures imposed on them restrict-
ing their freedom of movement, or in overnight accommoda-
tions. Sprinklers throughout a building may change the finish  
class ratings.

Fire-safety-related terms used for building materials in-
clude noncombustible, combustible, flammable, inflamma-
ble, fire‐rated, flame-or fire-resistant, and flame retardant. 
(See Table 18.6)

Smoke causes around 80 percent of all fire casualties, and of-
ten originates from burning or smoldering plastic materials.

codes and Standards

Organizations publish lists of tested assemblies for walls and 
partitions, floor/ceiling systems, and roof/ceiling systems. They 
set standards for protection of beams, girders and trusses, col-
umns, and window and door assemblies.

Interior wall finishes that are subject to code provisions 
include most of the surfaces applied over fixed or moveable 
walls, partitions, and columns. Interior finishes for ceilings are 
covered in codes. Coverings applied over finished or unfinished 
floors, stairs, and ramps are also included. Standards and test-
ing requirements for interior finishes and furnishings change 
often. Codes set minimum requirements, and it may be prudent 
to be more stringent.

Built‐in cabinetry and seating with continuous expanses of 
plastic laminates and wood veneers are considered interior fin-
ishes by many jurisdictions. High‐back upholstered restaurant 
booths may be restricted in certain jurisdictions. In general, 
only relatively small amounts of foam plastics and cellular mate-
rials can be used as wall or ceiling finishes.

The Life Safety Code has a table for finish materials. UL 
certifies materials, systems, and assemblies used for fire resis-
tance and separation of adjacent spaces to safeguard against 
the spread of fire and smoke. The Gypsum Association’s Fire Re-
sistance Design Manual (GA‐600‐12) depicts over 600 systems 
that may be used for fire‐rated walls and partitions, floor/ceiling 
systems, roof/ceiling systems, and to protect columns, beams, 
and girders. Be aware that test results and ratings of materials 
and assemblies can become invalid if the products are not used 
and maintained properly.

It is the interior designer’s responsibility to check require-
ments and to select furnishings with knowledge of codes and 
standards. Codes affecting furnishings cover exposed finishes 
found in furniture and window treatments, such as fabrics, wood 
veneers, and laminates. Also included are nonexposed finishes 
like the foam in upholstered seating and the linings in draper-
ies. Furniture includes whole pieces of furniture and upholstered 

Table 18.6 Fire-saFeTy maTerials Terminology
Term description

Noncombustible Materials will not ignite and burn 
when subjected to fire. Includes 
steel, iron, concrete, and masonry. 
Actual performance depends on 
how they are used.

Combustible Materials will ignite and continue 
to burn when a flame source is 
removed.

Flammable and 
inflammable

Both terms mean the same thing: 
tending to ignite easily and burn 
rapidly. Both are the equivalent of 
highly combustible, a less confusing 
term.

Fire‐rated A product that has been tested to 
obtain an hourly fire rating.

Flame-resistant or fire-
resistant

Building components or systems 
with specified fire resistance ratings 
based on fire resistance tests.

Flame retardant A compound that inhibits, 
suppresses, or delays the 
production of flames to prevent the 
spread of fire.

Fireproof or flameproof Nothing is actually fireproof or 
flameproof; all construction 
materials, components and systems 
have limits where they will be 
irreparably damaged by fire.
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seating as well as panel systems. Considerations when specify-
ing materials include ease of ignition; rates of flame spread, heat 
release, and smoke release; and toxicity of combustion products.

All exits and paths of travel to and from exits must be clear of 
furnishings, decorations, or other objects. No drapes or mirrors 
are allowed to obscure exit doors, and mirrors are prohibited next 
to exit doors. Attention must not be drawn away from exit signs.

Wood columns, heavy timber beams, and girders are typi-
cally allowed to remain exposed, because they are spaced 
relatively far apart and do not provide a continuous surface for 
flame spread.

Intumescent materials that expand rapidly when touched by 
fire create air pockets to insulate the surface from the fire, or swell 
material to block openings through which fire and smoke could 
travel. Intumescent paints, caulks, and putties are available, as are 
¼" (6 mm) thick sheets with a variety of facing materials.

Finish classes and test ratings
Tests for finishes and furniture look at the potential of the ma-
terial to contribute to the overall fire and smoke growth and 
spread. (See Table 18.7) Small‐scale tests are performed on a 

small sample of the finish or furnishing. Larger scale tests use 
a larger sample or full assembly including the finish, substrate, 
adhesive, fasteners, and another parts; they may include an en-
tire room or a whole piece of furniture.

According to the 2015 IRC, wall and ceiling finishes for a 
residence shall have a flame spread index of not greater than 
200. Exceptions to this include trim, door and window frames, 
or materials less than 1/28" (0.91 mm) thick cemented to the sur-
face that meet specified conditions. Wall and ceiling finishes 
shall have a smoke‐developed index of not greater than 450. 
There are also limitations on the use of foam plastics.

Chapter 7 of the 2015 IRC deals with the design and con-
struction of interior and exterior wall coverings for buildings. It 
sets requirements for interior coverings or wall finishes includ-
ing gypsum plaster, cement plaster, gypsum board and panel 
products, ceramic tile, and other finishes.

The International Code Council (ICC) recognizes three classes 
of interior finish ratings. (See Table 18.8) Class A is the strictest.

nonteSteD FInISHeS anD retarDantS
Sometimes finishes geared to residential use or from smaller 
manufacturers with specialty items have not been tested. The 

Table 18.7 FinisH and FurniTure TesTs
Test description

Mattress Test Pass/fail test used to determine heat release, smoke density, generation of toxic gases, and weight 
loss when a mattress is exposed to a flame

Methenamine Pill Test Pass/fail flammability test required for all carpets and certain rugs manufactured for sale in the 
United States

Radiant Panel Test Measures tendency to spread a fire, and minimum energy required to sustain a flame for carpet, 
resilient and hardwood flooring, wall base

Room Corner Test For napped, tufted, or looped textiles used as coverings on walls and ceilings

Smolder Resistance Test Tests how new upholstered furniture smolders before either flaming or extinguishing (Cigarette 
Ignition Test)

Steiner Tunnel Test Tests flame spread and smoke developed for interior finishes applied to walls, ceilings

Toxicity Test Measures the amount of toxicity a material emits when it is burned (LC50 or Pitts Test)

Upholstered Seating Test Pass/fail flame‐resistance test for entire piece of furniture

Vertical Flame Test Pass/fail test for vertical treatments (window treatments, large wall hangings, and decorative plastic 
films)

Table 18.8 inTerior FinisH raTings
rating description

Class A Includes any material classed at a flame-spread rating of less than 25 with a 
smoke developed rating below 450.

Class B Includes materials with flame‐spread ratings between 25 and 75, and smoke test 
ratings below 450.

Class C Includes flame spreads from 76 to 200, and limits smoke ratings to below 450.
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interior designer may then need to have the finish tested or 
make sure it is properly treated to meet code requirements. De-
pending on the situation, testing companies can be very costly 
to use, as they may have to simulate actual installations.

Flame-retardant chemicals inhibit or resist the spread 
of fire. Their widespread use is undergoing scrutiny, as they 
appear to be less effective as fire‐safety elements than previ-
ously believed, and more dangerous to the environment and 
human health. polybrominated diphenyl ethers (pbde) 
are used as flame retardants in building materials, furnishings, 
polyurethane foams, and textiles. PBDE and some other flame 
retardants have been associated with fertility problems in hu-
mans. They are banned by the European Union and in some 
US states.

FIreFIgHtIng
Building design and building systems are critical to the safety 
and effectiveness of firefighters. Smoke management is a major 
part of this effort.

Smoke management
Smoke kills more people in building fires than heat or structural 
collapse. Even if a person is not killed by smoke, smoke inhala-
tion can result in memory loss and lingering physical effects. 
Fires in modern buildings usually last less than 30 minutes, 
but smoke problems can remain present for hours. Smoke in-
halation can lead to unclear thinking, and hot smoke washing 
over people can result in panic as logic vanishes and fear over-
whelms them.

Smoke control is required by most building codes. The 
goals of smoke management are to reduce deaths and prop-
erty damage and to provide for continuity of building operations 
with minimum smoke interference. A barrier’s effectiveness in 
limiting smoke movement depends on how smoke is able to 
leak through it and the pressure differences on each side of it. 
Pressure depends on the complex interactions of the fire, stack 
effect, wind, building geometry, and the HVAC system.

Traditional passive methods of modifying smoke move-
ment are used to protect building occupants and firefighters 
and reduce property damage. They include compartmentation 
using fire barriers, smoke vents, and smoke shafts. The major 
flow paths are open or closed doors and windows. Smoke con-
trol doors are normally held open magnetically, and released 
to close when the fire alarm system is activated. Smoke also 
moves due to airflow through cracks in partitions, floors, ex-
terior walls, or roofs. Leakage occurs where pipes penetrate 
walls and floors, through cracks where walls meet floors, and 
around doors.

The effectiveness of smoke vents and smoke shafts de-
pends on their proximity to the fire, the buoyancy of the smoke, 
and the presence of other driving forces. The HVAC system can 
be shut down in a fire to limit its contribution to smoke spread. 
Current practice uses fans to control the movement of smoke.

conFInement
Smoke should be confined to the area of the fire and excluded 
from refuges. Firewalls and smoke barriers confine smoke. A 
large open space above dividing walls can hold a great deal of 
smoke while the building occupants evacuate.

As introduced earlier, curtain boards are partial‐depth 
smoke partitions suspended from the ceiling to trap hot air 
and smoke. They help to set off fire detection and suppression 
systems more quickly. Curtain boards lose their effectiveness 
quickly when the smoke layer becomes too thick to contain, or 
as air pressure forces smoke below the boards.

Water curtains can inhibit the flow of smoke but only delay 
its spread and do not eliminate it. They allow time to evacuate 
occupants and help firefighters control the fire.

A smokeproof enclosure is made by enclosing an exit 
stairway by walls of fire‐resistive construction, accessible by 
a vestibule or by an open exterior balcony. The smokeproof 
enclosure must be ventilated by natural or mechanical means 
to limit penetration of smoke and heat. Stairs in smokeproof 
towers have direct access to outdoor air and to firefighting 
equipment at each floor, and are therefore the safest stairs. 
Building codes usually require one or more of the exit stair-
ways of a high‐rise building to be protected by a smokeproof 
enclosure.

Wall assemblies that are continuous from outside wall to 
outside wall and from floor slab to floor slab are good smoke 
barriers. In tall buildings, vertical shafts for stairs, elevators, 
and waste and linen chutes can be designed with ventilation or 
pressurization systems to be smokeproof.

Smoke control SyStemS
Smoke control systems are required in buildings of over six 
floors. The exit access corridors must be continually pressur-
ized. All doorways and openings in stairways, corridors, and 
exit passageways in fire‐resistant construction must be pro-
tected with doors, fire shutters, or dampers with equivalent fire 
ratings. Stairway doors opened during evacuation and other 
doors are sometimes accidentally left open or propped open 
throughout fires; pressurization keeps smoke out.

Diluting smoke with outdoor air early in a fire may help peo-
ple evacuate a burning building. Dilution is not enough to control 
smoke alone, especially when toxic fumes are present. Smoke 
dilution is usually combined with confinement and an early de-
tection and suppression system.

Special exhaust systems that function only in fires are be-
coming more common. They use a combination of air velocity 
and air pressure to control smoke movement. Smoke exhaust 
systems work well in large‐volume atriums, removing smoke at 
the ceiling and supplying fresh air below. Smoke exhaust sys-
tems help keep toxic gases out of refuge areas, and help reduce 
concentrations of dangerous gases. They also aid in removing 
smoke after the fire is extinguished.

Automatic ventilation hatches vent heat and smoke with-
out fans. They are suitable for smaller and one‐story buildings. 
Heat and smoke trigger the controls and the hatches open 
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individually. Ventilation hatches improve conditions near the fire 
for firefighters, and help firefighters on the roof locate the fire 
inside the building. (See Figure 18.22)

The coordination of the HVAC, fire detection and suppression, 
and smoke exhaust systems is essential to smoke management. 
The fire detection and suppression system must activate the 
smoke exhaust fans and override conventional HVAC controls.

FIre DetectIon
Fire protection systems are primarily designed to protect life, 
and secondarily to prevent property loss. They must be tailored 
to the needs of the specific facility. They are designed as part of 
the overall fire protection system of a building. There are three 
basic parts to a fire protection system.

 ● Signal initiation: manual or automatic equipment
 ● Signal processing control equipment
 ● Alarm indication: audible plus visual

Fire protection systems are designed to detect the exis-
tence of a fire as early as possible, to sound an alarm, and 
to extinguish the fire or at least contain it and its effects until 
firefighters can bring it under control. Sprinkler systems are 
designed to simultaneously start to put out the fire and send out 
an alarm when water flows through a sprinkler head.

Fire alarms are often connected to private regional supervi-
sory offices that call the municipal fire department. All public build-
ings and some other buildings are required to have fire detection 
and alarm systems with an indicator of the location of the fire.

The alarm‐initiating device is a signal source that senses 
fire or smoke. Occupants can initiate an alarm by using a manual 
pull station. Automatic alarm equipment can be a fire detector, 
smoke detector, or water flow switch that works whether the build-
ing is occupied or unoccupied. Automatic equipment can initiate 
an audible and/or visible alarm locally, remotely, or both, and can 
also actuate an automatic fire suppression system. Many state and 
local building codes require automatic fire and smoke detectors.

Building fire alarm control panels for commercial and light 
industrial applications are complete systems that can detect a 
fire, sound an alarm, and activate extinguishing functions. (See 
Table 18.9) They can be programmed to close fire doors, close 

fire dampers in air conditioning and heating ducts, provide aux-
iliary power for exhaust fans to remove smoke, shut down build-
ing fan system, and turn off other machinery.

Emergency power is required for a fire alarm system. Most 
detection and alarm systems convert power from 24V DC bat-
teries to AC.

A fire progresses through four stages: incipient, smolder-
ing, flame, and heat. Different types of fire and smoke detectors 
are designed to indicate problems at each of these stages. (See 
Table 18.10) Incipient stage detectors are the most sensitive—
too sensitive for many interior spaces where they produce false 
alarms. Most fires are detected at the smoldering stage.

Types of detectors include smoke, flame, and heat detectors, 
among others. (See Figures 18.23, 18.24, and 18.25)

Wilson cloud chamber type detectors are sensitive to micro-
scopic particles in the early stages of a fire but insensitive to 
dust. They continuously sample air in the protected space and 
give few false alarms. Wilson cloud chamber detectors require 
piping and are expensive in small installations. These detectors 
are used in high‐value installations like museums, data process-
ing spaces, libraries, clean rooms, and facility control rooms.

Problem areas for smoke detectors include kitchens, laun-
dries, boiler rooms, shower rooms, and other spaces with high 
humidity and steam as well as repair shops and laboratories 
where open flames are used, and garages and engine test fa-
cilities where exhaust gases affect sensors. Smoking rooms and 

Figure 18.22 automatic smoke ventilation hatch

Table 18.9 CommerCial Fire alarm sysTems
alarm system Type description

Multiple‐dwelling Audible/visual alarms wake all 
sleepers, may include living room. 
Smoke detection in corridors, service, 
utility, storage rooms. Hardwired with 
standby power. Alarm light over door 
of each apartment, plus emergency 
voice/alarm system in high‐rises.

Protected premises Sounds alarm only in protected 
premises, not in outside central 
location.

Auxiliary Local system with direct connection 
to municipal fire alarm box. Used 
for public buildings such as schools, 
government offices, museums.

Remote station 
protective signaling

Similar to auxiliary system, with line to 
manned 24‐hour service, then phoned 
to fire department. Private buildings 
unoccupied for extended periods.

Proprietary Large multibuilding facilities such as 
universities, manufacturing facilities. 
Facility’s personnel monitor center on 
site.

Central station Similar to proprietary, but owned and 
operated by service company.
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areas near designated smoking areas can be a problem, as can 
areas with heavy accumulations of dust and dirt. High volumes 
of air movement near loading docks, exit doors, and discharging 
ducts and registers are also problems. Avoid locations in kitch-
ens where normal cooking processes will activate the alarm.

residential Detectors
A basic residential smoke detection system places a listed 
smoke detector outside and adjacent to each sleeping area, 
in each sleeping room, at the head of every stair, and at 
least one on every level including the basement. Combined 
smoke and heat detectors are recommended in the boiler 
room, kitchen, garage, and attic. An alarm in any detector 
should set off an alarm in all audible and visible units. The 
system should have an annunciated central control unit, 
backup power, and wiring on supervised circuit with a fault 
trouble alarm.

Smoke detector units are usually placed 6" to 12" (152 to 
305 mm) from the ceiling when mounted on a wall. If the alarm 
is too close to the intersection of the wall and ceiling or too 
near a doorway, air currents may carry smoke and heat past 
the unit.

Smoke detectors are subject to false alarms from mois-
ture and particles in the air. In general, the greater sensitivity 
of the detector, the more false alarms. Choosing the appropri-
ate type of alarm and avoiding placement where conditions 
cause problems both limit false alarms. If a smoke alarm must 
be located in a poor location, more than one type of detec-
tor should be used, with provisions for extra maintenance and 
verification of alarms.

Most jurisdictions require installation with hard wiring for 
smoke detectors in residential occupancies and in hotel or motel 
units. Interconnected detectors tied into the building electrical 
system and with a battery backup are required in many new 
homes and homes with additions or alterations. Other homes 
are required to have at least battery‐operated units. Residenc-
es are usually required to have smoke detectors outside each 
sleeping area and on all habitable floors. Townhouses may have 
even stricter requirements.

multIPle‐DwellIng DetectorS
Smoke detectors should be located in the corridors of mul-
tiple dwelling buildings, and in service spaces, and utility and 
storage rooms. Battery powered detectors are not permit-
ted in multiple dwellings. All fire alarm circuits should have 
standby power.

Table 18.10 Fire and smoke deTeCTors
stage description detectors

Incipient Ignition temperature 
reached and invisible 
particles and 
combustion gases 
released but hardly 
noticeable

Ionization detectors, 
gas sensing detectors

Smoldering Soot plus gases visible 
mostly as smoke

Smoke detectors, 
photoelectric 
detectors, air 
sampling systems

Flame Fire emits visible 
light and infrared (IR) 
radiation plus smoke 
and gases

Flame detectors for 
fires with little smoke; 
ultraviolet (UV) and IR 
radiation detectors, 
plus combined UV/IR

Heat Very hot fire expands 
air, spreads fire 
vertically by stack 
effect and in all 
directions by radiation

Spot or linear heat 
detectors for rapidly 
spreading fires 
with little smoke; 
thermister used to 
sense heat

Figure 18.23 smoke detector
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Smoke
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Light 
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Figure 18.24 Flame detector

Figure 18.25 Heat detector
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FIre alarm SyStemS
The goals of a fire alarm system are first to protect life and sec-
ondly to prevent property loss. Systems are tailored to specific 
building types and uses. A fire alarm system includes equipment 
for signaling that there is a problem, for processing the signal, 
and for alerting people as to the situation. A fire alarm system 
can initiate fan controls, smoke venting, smoke door closers, 
rolling shutters, and elevator controls as part of an overall fire 
protection plan.

The architect or designer of the fire alarm system must as-
certain which current regulations have jurisdiction before de-
signing the system. The codes generally specify where manual 
or automatic fire signaling systems or fire alarm systems are 
required. The codes specify required systems and provide test-
ing data. An electrical engineer will be involved in the design of 
an extensive fire alarm system.

Alarms are initiated by detectors or by a manual pull sta-
tion that may include a handset for two‐way communication. 
Depending on the building type, an alarm system can alert oc-
cupants with bells, horns, or sirens; the ADA includes require-
ments for visible alarms. Systems may alert a central building 
station control panel to the location of a fire and alert local fire 
and police departments as well.

Sometimes a person first notices the fire, and gives 
the alarm by using a pull station or telephone. manual pull 
stations are available in various forms. (See Figure 18.26) The 
most common has a glass rod or window that must be broken 
to move a handle and activate the switch. An alternative design 
has a handle behind a cover that must be opened, or direct 
access to a handle restrained by spring. Manual fire alarm 

initiation stations must be placed in the normal path of egress 
to be used by a person exiting the building. Manual stations 
must be well marked and easily found.

Interior designers should never specify painting over smoke de-
tectors or other fire safety equipment, as this may hamper their 
effectiveness by keeping fusible links from melting.

Handicapped‐accessible types of pull boxes are available that 
are pushed rather than pulled and that take minimal effort to oper-
ate. Both regular pull boxes and accessible boxes must be red.

Some systems automatically close fire doors and shutters, 
as well as fire dampers in ducts. They may provide auxiliary 
power to operate fire safety systems such as exit signs, egress 
lighting, and smoke exhaust fans. Controls can turn off speci-
fied machinery including air handlers to prevent the spread of 
smoke by the HVAC system. Systems typically also return eleva-
tors to the ground floor and keep them there.

residential alarm Systems

Residential occupancies include single‐family residences, multi‐
family apartment buildings, townhouses, and condominiums. 
Their alarm systems should provide sufficient time for evacua-
tion of residents, and for initiation of appropriate countermea-
sures in larger buildings. System components include alarm‐
initiating devices, wiring and control panel, and audible alarm 
devices.

multIPle‐DwellIng alarm SyStemS
Multiple‐dwelling alarm systems are used in apartment houses, dor-
mitories, hotels, motels, and boarding houses. (See Table 18.11) 
Alarm systems are designed to provide early warning and orderly 
egress at times when the building occupants may be asleep, po-
tentially including in living rooms. Audible and visual alarms are 
positioned so that all sleeping persons, including those with sight 
or hearing impairments, will be wakened. There should be an alarm 
light over the door of each apartment or suite to indicate the alarm 
location, especially if the central panel only shows a zone location. 
In high‐rise residential buildings, an emergency voice alarm com-
munication system should be provided.

All alarms must be identifiable by addressing or annun-
ciation that indicates the location of the alarm. annunciator 
panels that have a map and lights can be located at a system 
control panel in the building management office or at the lobby 
desk of a hotel or dormitory to help firefighters.

In apartments, false alarms are common from kitchen 
smoke and excessive dust. Some apartment building alarm sys-
tems give only a local alarm for evacuation of the apartment. A 
separate central heat detector system sounds a remote alarm. 
This reduces the number of false alarms but increases the risk 
of a fire growing before activation of the fire suppression sys-
tem or before firefighting crews are dispatched.Figure 18.26 Fire alarm manual pull station
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for sleeping areas and mechanical equipment rooms. Visible 
signal requirements are covered in NFPA 72 and the ADA as 
well as other codes. Combination audiovisual fire alarm devices 
are available.

The 2010 ADA Standards require accessible warning sys-
tems to be both audible and visual, including in existing facilities 
where the system is upgraded, replaced, or newly installed. 
The ADA sets requirements for the type and specific locations. 
Where required, alarms must be provided in each restroom, 
hallway, and lobby, and in other common use areas such as 
meeting rooms, break rooms, examination rooms, and class-
rooms. In occupancies with multiple sleeping units, a percent-
age of the units must be equipped with a visible alarm as well as 
an audible alarm. (See Figure 18.27)

High‐rise office buildings may require emergency voice 
alarm communication systems. Voice fire alarms allow 
specific instructions to be issued to occupants of each part 
of building regarding safe areas of refuge and rescue efforts 
in progress. This is especially important in the upper floors of 
high‐rise buildings, and also benefits visitors in hotels and con-
vention centers who tend to ignore or misunderstand bells or 
horns without specific verbal instructions.

Table 18.11 basiC mulTi‐uniT residenTial 
alarm sysTems
equipment description

Listed smoke detectors Outside and adjacent to each 
sleeping room, at head of every 
stair, at least one on every level 
including basement. Combined 
smoke and heat detectors in boiler 
room, kitchen, garage, and attic.

Alarms An alarm in any detector produces 
alarm in all audible and visual units.

Annunciated control 
panel

Panel shows device location, shuts 
off oil and gas lines, and attic fan 
to help prevent spread of smoke.

Backup power Supervised storage battery with 
trickle charger.

Wiring On supervised circuits that sound 
distinctive trouble alarm if fault 
occurs.

The NFPA 101—Life Safety Code and NFPA 72: National Fire 
Alarm and Signaling Code contain detailed requirements for 
residential fire alarm systems.

commercial and Institutional Systems
Commercial and institutional building alarm systems vary greatly. 
Where permitted, presignaling that alerts only key personnel may 
be advantageous for buildings where an evacuation alarm would 
not be readily tolerated. In schools (especially primary grades), 
rapid, orderly evacuation is the primary requirement. Public build-
ings should have an auxiliary connection to the fire department.

High‐rise office buildings are required to be equipped with 
emergency voice/alarm communication systems because of 
their configuration and the fact that it is not practical to evacu-
ate all occupants at the same time.

alarm System operation
An alarm signal can tie into an annunciation panel placed in 
normal path of egress from building. An annunciation control 
panel has red indicator light for each detection zone. The panel 
may be located at a fire‐department command station directly 
accessible from the street. It must be well marked and easily 
found, and should not be camouflaged or hidden.

When the alarm initiating device is directly connected to in-
dicating devices in a remote fire station or police headquarters, 
the situation usually requires additional alarm indicators on site 
to signal building occupants to evacuate. Alarms are generally 
located by location coding. (See Table 18.12)

The type and placement of audible and visual alarm devices 
in a public building must meet NFPA 72 and ADA requirements. 
Codes specify minimum levels and locations of audible signals 

Table 18.12 alarm sysTem Coding
system Type description

Noncoded systems May be zoned and with annunciation. 
Continuously ringing bells, horns, 
and lights.

Master‐coded systems Generate four rounds of code 
sounded and flashed on all building 
alarm devices when any signal‐
initiating device operates.

Zone‐coded systems Identifiable by alarmed zone. 
Zone lights must go to panel or 
annunciator, or coding sounds on all 
gongs in building.

Dual‐coded systems 
(combination coded 
and noncoded)

Sends identifying coded alarm to 
maintenance office, with separate 
continuous ring evacuation alarm 
throughout building. Requires 
continuously staffed office.

Selective‐coded 
systems

Fully coded system with all manual 
devices individually coded. All 
automatic devices trip code 
transmitters at the panel. Usually 
large systems with sprinkler 
transmitters and smoke detectors as 
subsystems.

Presignaling systems Alert only key personnel at their 
work locations. Personnel investigate 
and turn in alarm if necessary. Used 
only in buildings where evacuation 
difficult and staff sufficient to 
investigate cause of alarm.
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Figure 18.28) NFPA 13—Standard for the Installation of Sprin-
kler Systems lists detailed requirements for sprinkler systems.

The interior designer should work closely with the sprinkler 
system designer to verify sprinkler head locations and pro-
vide adequate clearance at each sprinkler. Typically, a mini-
mum of 18" (457 mm) must be left open below the sprinkler 
head deflector. The interior designer should be especially ob-
servant of this requirement where wall cabinets or shelving 
are used, as in storage rooms, kitchens, and libraries.

The distribution system for fire protection must be immediately 
identifiable to firefighters. It is rarely treated as a visually inte-
grated design element for this reason.

As we previously indicated, in high‐rise buildings and build-
ings with large areas there are places that cannot be reached 
by firefighters’ ladders and hoses. While most fire deaths oc-
cur in smaller, often residential buildings, larger commercial, 
industrial, and institutional buildings create a potential for many 
deaths and injuries from a single fire. High‐rise buildings require 
an inordinate length of time to evacuate. Stack effects can be 
created in high‐rise buildings over 75 feet (23 meters) tall. Such 
buildings must have their own firefighting system, which is usu-
ally an automatic sprinkler system.

FIre SuPPreSSIon
Automatic sprinkler systems extinguish incipient fires before 
they have a chance to get out of control. Sprinkler heads are so 
efficient that one to two heads can usually put out a fire.

As indicated earlier, building codes commonly allow sprin-
klered buildings to have greater distances between exits, elimi-
nating one or more stairways in a large building. By allowing larg-
er floor areas between fire separations, some fire‐resistant walls 
and doors may be eliminated. Buildings may be allowed to have 
greater overall areas and heights. Some structural elements may 
need less fire protection, and the building may be able to contain 
greater amounts of combustible building materials.

Water cools, smothers, emulsifies, and dilutes the fire, 
but it also damages building contents, and can conduct elec-
tricity when used as a stream. Water will not put out burn-
ing oil; the flammable oils will float and burn on the surface. 
When water hits a hot fire, the steam can harm firefighters. 
Despite these disadvantages, water remains one of the main 
ways to suppress a fire.

There are other methods used to put out building fires. 
Carbon dioxide, other gases, foaming agents, and dry chemi-
cals extinguish flames by chemically inhibiting flame propa-
gation, suffocating flames by excluding oxygen, interrupting 
the chemical action of oxygen uniting with fuel, or sealing and 
cooling the combustion center.

Due to complex spacing and sizing of supply pipes, most 
sprinkler systems are designed by professional contrac-
tors or engineers working for sprinkler manufacturers. (See 

Figure 18.27 audible and visual fire alarm

Figure 18.28 sprinkler clearances
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Sprinkler Systems
Automatic sprinkler systems rely on sprinkler heads. When acti-
vated, the water stream strikes a sprinkler head’s shaped deflector 
plate, which spreads the water out over the area the head protects.

The sprinkler system consists of a network of pipes in or be-
low the ceiling. (See Figure 18.29) The pipes are connected to a 
water supply and have valves or sprinkler heads that are made 
to open automatically at a certain temperature. Each sprinkler 
head is controlled by a plug or link of fusible metal that melts at 
a temperature of around 150°F (66° C).

A sprinkler system may require large supply pipes and 
valves, fire pumps, and access for monitoring and maintenance. 
(See Figure 18.30) They are generally considered unsightly, and 
must be accommodated in the architectural design.

Figure 18.29 sprinkler system

Figure 18.30 sprinkler supply pipes

Figure 18.31 interior siamese connection

Figure 18.32 pendant and upright sprinkler heads

A siamese connection is usually installed for larger build-
ings for use by fire department pumper trucks to pump water 
from a hydrant to the sprinkler system. (See Figure 18.31) It 
provides two or more connections through which firefighters 
can pump water to a standpipe or sprinkler system.

SPrInkler HeaDS
The most common type of sprinkler head keeps the water in the 
system by a plug or cap held tightly against the orifice (opening) by 
levers or other restraining devices. The restraining device is typi-
cally a glass bulb containing colored liquid and an air bubble. The 
heat of a fire causes the liquid to expand until it absorbs the air bub-
ble. Continued expansion ruptures the glass bulb, releasing water 
through the orifice in steady stream. Pendant, upright, and sidewall 
heads are often used. (See Figures 18.32 and 18.33) There are a 
variety of other types of sprinkler heads as well. (See Table 18.13)

Sprinkler heads are available with various finishes. It may be 
possible to paint the coverplate on a concealed sprinkler or the 
escutcheons on recessed and flush types, but you should check 
the applicable code and be sure not to seal the cover.
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Table 18.13 sprinkler Head Types
Type of Head description

Upright Installed with orifice facing upward and deflector on top of exposed piping.

Pendant Hangs down from pipe with orifice facing downward and deflector below.

Flush heads have only heat‐detecting element below ceiling.

Concealed heads are entirely above ceiling. Cover plate falls away in fire.

Sidewall Throw spray of water to cover entire small room with one sprinkler head. Typically one per hotel or 
apartment room adjacent to one wall.

Quick‐response 
(fast response)

Required in light hazard occupancies (office buildings, hotels, motels). More sensitive to heat, opening 
sooner than ordinary sprinkler heads, so fewer heads needed. May open from high heat not related to fire.

Early suppression 
fast‐response 
(ESFR)

For special fire hazards encountered in high‐piled storage. Sprinkler’s higher pressure and flow penetrate 
the fire’s base faster.

Extra large orifice Deliver large quantities of water where water pressures are relatively low.

Multilevel Used where other sprinklers are at higher plane within same space.

Extended coverage 
sprinklers

Allowed for unobstructed construction with flat, smooth ceilings with limited slope and luminaires, and grills 
flush or recessed, other uses.

reSIDentIal SPrInklerS
The 2015 IRC covers requirements for dwelling unit fire sprinkler 
systems. Some codes now require sprinklers in all residential 
occupancies. Most codes make an exception for bathrooms up 
to 55 square feet (5.1 m2), closets with their least dimension 
not greater than 3 feet (0.9 m), and open porches, garages, 
and carports. Uninhabitable attics and crawl spaces not used 

Figure 18.33 sidewall sprinkler head

for storage and entrance foyers that are not the sole means of 
egress are other common exceptions.

A residential sprinkler is a fast response device, listed for 
protection of dwelling units. It is sensitive to both smoldering 
and rapidly developing fires. A residential sprinkler is designed 
to open quickly to fight a fire with only one or two heads operat-
ing as residences have a smaller water supply and toxic gases 
and smoke quickly fill small spaces.

Residential sprinklers have special water distribution pat-
tern. They are designed to put water on walls high enough to 
prevent a fire from getting above the sprinkler openings. This 
strategy also helps cool gases at the ceiling, so fewer sprinklers 
open, reducing water damage.

SPrInkler SyStem PIPIng
Water sprinkler system types include wet pipe, dry pipe, 
pre‐action, and deluge systems. (See Table 18.14)

Table 18.14 waTer sprinkler sysTem Types
Type description

Wet pipe Most common, contains water, connected to water supply under pressure at all times, fast acting, most reliable type.

Dry pipe Pipes filled with air under pressure. When sprinkler head opened, water fills piping and flows from open sprinkler. 
Slower operation than wet pipe. Normally installed upright and only where freezing could be a problem.

Pre‐action Eliminates water damage from accidental discharge of automatic sprinklers. Deluge valve holds water back until 
opened by fire‐detection system. Water not discharged until individual sprinkler opens from heat from fire or 
manually. Somewhat unreliable.

Deluge Delivers most water in least time. Water admitted to sprinklers or spray nozzles open at all times, supplied through 
valve opened by automatic detection system. Extra‐hazard occupancies where flammable liquids are stored, flash 
fire risk.
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other Fire Suppression Systems
A variety of other methods are used when water damage threat-
ens the structure or contents of a building almost as much as a 
fire would. These include intumescent materials, mist systems, 
foams, carbon dioxide (CO2), dry chemicals, and clean agent 
gases. (See Table 18.15) The production of Halon has been 
phased out due to its damage to the earth’s ozone layer.

Portable Fire extinguishers
A portable fire extinguisher can save lives and property by putting 
out a small fire at an early stage or containing it until the fire depart-
ment arrives. However, portable extinguishers have limitations.

Portable fire extinguishers are movable and do not require 
access to plumbing lines. They are rated for the class of fire 
they are designed to fight. How many are required and where 

A space with sprinklers should have adequate water drain-
age during and after the fire. Floor drains safely carry water 
away from the building. Salvage covers can protect sensitive 
objects and direct water toward drainage points. A readily ac-
cessible outside valve that controls all the normal sources of 
supply to the system can cut off water promptly when it is no 
longer needed.

StanDPIPeS anD HoSeS
Standpipe and hose systems help fight fires within buildings. 
They are classified by their intended use. System components 
may include standard hose racks or hose racks and fire extin-
guishers in cabinets.

Standpipes are water pipes that extend vertically through 
the building to supply fire hoses at every floor. Today, stand-
pipes are often located within a fire stair and without a hose. 
They are not intended for use by amateurs, which can result 
in delay calling firefighters. Locating fire hose cabinets on 
stairwell landings allows their use both upstairs and down, but 
shortens the length of the total run beyond the stairwell. (See 
Figure 18.34)

Standpipes and hoses are supplied either by a separate 
water reserve, upfeed pumping, or fire department connec-
tions. Wet standpipes contain water under pressure and are 
fitted with fire hoses for emergency use by building occu-
pants. Dry standpipes do not contain water, but are used by 
the fire department to connect fire hoses to a fire hydrant or 
pumper truck.

Figure 18.34 standpipe access panel

Table 18.15 oTHer Fire suppression sysTems
system Type description

Mist systems Fast alarm initiation, rapid response. 
Smaller volumes of water, less 
damage. Mist easily moves around 
obstructions.

Carbon dioxide Displaces oxygen, can suffocate 
people; used for sealed‐off closed 
spaces without people or animals. 
Automatic gas system most common. 
No cleanup required. Purging gas to 
atmosphere adds to global warming.

High‐expansion foam 
systems

Used in confined areas. Foam 
generated by blowing air through 
screen sprayed with detergent to 
completely cover area. Little water, 
but soapy film or residue requires 
cleanup. Used for large spaces with 
flammable liquids. Obscures vision but 
does not suffocate people.

Low‐expansion foams Introduced into water in sprinkler 
system. Smothers fire with minimum 
water use. When foam exhausted, 
system can become deluge sprinkler.

Dry chemicals Commercial kitchens where flash fire 
in cooking appliance can ignite grease 
in plenum or duct. Dry chemical 
with sodium bicarbonate base can 
extinguish fire in seconds from nozzles 
over cooking areas, in ducts.

Clean agent gases Replacements for Halon include 
a potassium‐based aerosol and 
FM‐200® (heptafluoropropane). 
FM‐200® is greenhouse gas, but 
does not cause ozone depletion, with 
shorter lifetime, leaves no residue.
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Table 18.16 porTable Fire exTinguisHers
Class Contents use effect

Class 1A to 40A Water, aqueous film‐forming foam 
(AFFF), film‐forming fluoroprotein foam 
(FFFP), multipurpose dry chemical

Ordinary combustibles 
such as wood, cloth, paper, 
rubber, many plastics

Water: Heat‐absorbing, cooling; 
dry chemicals: coating, 
interruption of combustion chain 
reaction

Class 5B to 40B CO2, dry chemicals, AFFF, FFFP Flammable or combustible 
liquids, flammable gases, 
greases, similar materials

Exclude oxygen, inhibit release of 
combustible vapors, or interrupt 
combustion chain reaction

Class C CO2 or dry chemicals Fires in live electrical 
equipment

Do not conduct electricity

Class A:B:C Dry chemicals, primarily ammonium 
phosphate.

Multipurpose Ammonium phosphate leaves hard 
reside if not thoroughly cleaned up 
immediately

Class D Dry powders: copper or graphite 
compound or sodium chloride

Combustible metals or metal 
alloys

Designed and labeled for a specific 
metal

Class K Potassium‐acetate based low PH agent 
mist

Cooking fires involving 
vegetable oils and animal oils 
and fats

Helps prevent fires from grease 
splashes while cooking appliance 
cools

they must be located depend on the hazard classification of the 
occupancy. They must be located in conspicuous places along 
ordinary paths of egress.

Fire extinguishers may be surface-mounted or recessed 
within the wall using a special cabinet with a vision panel. The 
extinguisher must be visible at all times, be tested regularly, 
and have an approved label. This presents a challenge to the 
interior designer, since fire extinguishers and related equipment 
are bright red and in highly visible locations. Showing this equip-
ment on interior elevations helps designers and their clients be-
come aware of the final appearance of the room.

The extinguisher must have adequate force to fully extin-
guish the fire. The typical residential fire extinguisher is not de-
signed to fight large or spreading fires, and may run out in eight 
or fewer seconds. Extinguishers must be located where they 
are both quick and safe to reach in case of fire. The person who 
handles the fire extinguisher must have the strength and knowl-
edge to use it properly and without hesitation.

Building codes specify which occupancies and types of build-
ing uses require fire extinguishers. Most occupancies require extin-
guishers, and some specific areas within buildings have special re-
quirements. Commercial kitchens and smaller kitchens and break 
rooms in commercial spaces require extinguishers. NFPA 10— 
Standard for Portable Fire Extinguishers establishes requirements.

Fire extinguishers are classified by types represented by 
letters. (See Table 18.16) They also have force ratings indicated 
by numbers. The higher the rating number, the more extinguish-
ing agent the unit contains, and therefore, the larger the fire it 
should be able to put out. A higher force number also means a 
heavier extinguisher.

A fire extinguisher should be located in or near a residential 
kitchen, but not next to the cooking surface or oven, where it 
may not be accessible in the event of a fire. It should be placed 
close to an exit, within the universal 15" to 48" (381 to 1219 
mm) reach range.

Interior designers need to be familiar with the codes and 
related ADA requirements for portable fire extinguishers. If a fire 
suppression system is to be used by the building’s occupants, 
it must be mounted at accessible heights and located within 
accessible reaches from a front or side wheelchair approach. 
Fire suppression equipment may not protrude more than 4" 
(102 mm) into the path of travel. This requirement may elimi-
nate bracket‐mounted fire extinguishers and surface mounted 
fire protection cabinets in some areas.

In this chapter, we have explored how to prevent injury to 
people and property from building fires. In Chapter 19, we look 
at elevator, escalator, and materials handling equipment that 
conveys people and materials within the building.
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Elevators travel vertically to carry passengers, equipment, and 
freight from one level of a building to another. Escalators move 
large numbers of people efficiently and comfortably among a 
limited number of floors.

Of the many decisions that must be made by the 
designer of a multistory building, probably none is more 
important than the selection of the vertical transportation 
equipment—that is, the passenger, service, and freight 
elevators and the escalators. Not only do these items 
represent a major building expense. . . but the quality of 
elevator service is also an important factor in a tenant’s 
choice of space in competing buildings. (Walter T. Grondzik 
and Alison G. Kwok, Mechanical and Electrical Equipment 
for Buildings (12th ed.), Wiley 2015, page 1445)

IntroductIon
Conveyance systems include both horizontal (moving walks, hor-
izontal conveyors) and vertical transportation systems (eleva-
tors, escalators, and dumbwaiters). Vertical transportation is a 
determining factor in a building’s shape, core layout, and lobby 
design. Vertical transportation comprises 10 to 15 percent of 
the construction budget for tall buildings, plus operating costs.

History
The elevator has a longer history than we might assume. Verti-
cal shafts in the Coliseum contained lifts operated by ropes and 
pulleys to transport scenery, animals, and sometimes, gladi-
ators from underground to the arena. During Europe’s Middle 

Ages, lifting devices were also used, although generally avoided 
for conveying people due to frequent failures. (See Figure 19.1)

In the eighteenth century, a few elevators were installed in 
palaces, including a passenger elevator for Louis XV of France 
in 1743. A safer screw‐powered elevator was built by Ivan Kulib-
in in the czar’s Winter Palace in St. Petersburg, Russia, in 1793.

19
conveyance Systems 

Figure 19.1 Medieval elevator design 
Source: Redrawn from design by Konrad Kyeser, 1405, public domain 
(Wikipedia)
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Historically, skyscrapers and elevators evolved together. 
The first electric elevator was built by Werner von Siemens in 
Germany in 1880. In 1852, Elisha Otis introduced the safety 
elevated with a governor device that locks the elevator to its 
guides in the event that it descends at an excessive speed.

codes and Standards
Building codes heavily regulate elevator design, installation, 
and signals. (See Table 19.1) These codes affect the interior 
designer’s choices for elevator cabs and lobbies.

The American Society of Mechanical Engineers (ASME) 
Standard A17.1—Safety Code for Elevators and Escalators 
sets strict installation requirements for vertical transporta-
tion equipment. Some states and cities have their own strict-
er codes. Other localities and states may have additional 
requirements.

Most codes require emergency power in specific building 
types to operate at least one elevator at a time, plus power 
(usually a generator and batteries) for lights and communica-
tion.

ElEvatorS
Any multistory building needs ways to get people and objects 
from one floor to another. Stairs are the most basic means of 
vertical transportation, of course, and are included even in very 

tall buildings as secure exits in the event of fire. However, nobody 
wants to walk up 20 flights of stairs or carry furniture and sup-
plies up them, which is where elevators and escalators come 
in. There are four basic types, including passenger, service, 
freight, and residential elevators.

For information on stairs, see Chapter 5, “Floor/Ceiling Assem-
blies, Walls, and Stairs.”

Elevator design
Architects work with engineers and elevator consultants or 
manufacturers to design the complexities of an elevator instal-
lation. Elevator design involves decisions about the number of 
elevators, speed, and capacity of the system, which are deter-
mined by the number of people served and the building height.

Although interior designers are not usually responsible for 
deciding how many elevators will be in the building or where 
they will be located, these decisions affect space planning, as 
elevators take up a great deal of space at critical locations and 
are focal points for circulation paths.

Interior designers are often involved in selecting the fin-
ishes for elevator cabs and lobbies, and for the appearance 
of buttons and indicators in the cab and at each floor land-
ing. Because people congregating at elevator lobbies are often 
forced to stand around waiting for an elevator, the design of 
these areas can have a great impact on the comfort of building 
occupants and visitors, and on the impression they have of the 
building and the businesses within it. This is especially impor-
tant for people who have to use the elevators every day, when 
unpleasant, unsafe, or uncomfortable surroundings become a 
dreaded part of the daily routine. The design of elevators and 
their lobbies also has implications for security, fire safety, and 
maintenance of these areas.

The ground floor elevator lobby is also called the lower ter-
minal, and is usually located close to the main entrance, with a 
building directory, elevator indicators, and possibly a control 
desk nearby. Lobbies are designed to be large enough for the 
peak load of passengers, with 5 square feet (0.5 m2) of floor 
space allowed per person waiting for one or more elevators. 
The same allowance should be made for hallways approaching 
the lobby.

General rules for designing an elevator system allow one 
elevator for every 250 to 300 people. The size of the elevator 
car and the frequency of trips determine the car’s capacity. 
This is independent of the number of cars in the elevator bank. 
According to actual counts in many existing installations during 
peak periods, cars are not usually loaded to maximum capacity 
but are typically only eighty percent full.

Manufacturers and elevator consultants supply standard 
layouts for elevators, including dimensions, weights, and struc-
tural loads. The average trip time is determined by the time 
spent waiting in the lobby plus the time it takes to travel to 

Table 19.1 elevaTor and escalaTor codes 
and sTandards
Title description

ASME Standard 
A17.1—Safety Code for 
Elevators and Escalators

American Society of Mechanical 
Engineers (ASME) Installation 
requirements, including Limited‐
Use/Limited Application (LU/LA) 
elevators

ASME A17.3‐2011—
Safety Code for Existing 
Elevators and Escalators

Requirements for electric and 
hydraulic elevators and escalators

ASME A17.4‐1999—
Guide for Emergency 
Personnel

Safety of elevators, escalators and 
related conveyances.

NFPA 101 Life Safety 
Code

Fire safety requirements

NFPA 70 (NEC) Electrical requirements

2010 ADA Standards for 
Accessible Design

Signage, car controls, doors, cars, 
LU/LA elevators

ANSI A117.1—Accessible 
and Useable Buildings 
and Facilities

Accommodations for persons with 
disabilities

Building Transportation 
Standards and 
Guidelines

National Elevator Industry, Inc. 
(NEII) online reference
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a median floor stop. For a commercial elevator, a trip of less 
than one minute is highly desirable, with 75 seconds considered 
acceptable. A trip time of 90 seconds becomes annoying, and 
anything over 120 seconds exceeds the limits of toleration. For 
residential elevators, users often spend a minute or more of the 
trip time just waiting for the elevator.

The manufacturer sets structural requirements. Structural 
columns support the elevator from the foundation all way up to 
the penthouse, with the main beams supporting the penthouse 
floor.

Originally DC electricity was used for elevators to allow fine 
speed control, but now AC motors that can be finely controlled 
are used. This results in energy savings and smaller space 
requirements.

A power outage sets the car brake immediately and the 
car remains stationary and does not descend to the nearest 
landing. Hydraulic cars can be lowered by operation of manual 
valve. Small traction cars can be cranked to a landing by hand, 
but large cars are fixed in position.

ElEvator accESSIbIlIty
At a minimum, elevators are required to meet 2010 ADA Stan-
dards for Accessible Design, with additional accommodations 
to meet a specific building intent or local codes. The ADA man-
dates self‐leveling car features and sets standards for car con-
trols and illumination. The ADA also addresses elevator door 
operation and signals. Visible and audible signals are required 
at each hoistway entrance to indicate which car is answering a 
call and the car’s direction of travel.

Elevator cars are required to provide a clear floor space 
36" (915 mm) by 48" (1220 mm) minimum. ADA minimum 
dimensional requirements vary with the door location. (See 
Table 19.2 and Figures 19.2 and 19.3)

Accessible elevator cars with doors opening to one side 
must have a minimum width of 68" (1727 mm). Cars with center 
opening doors must be a minimum of 80" (2032 mm) wide. The 
minimum clear depth is 51" (1295 mm).

Accessibility requirements for elevators are complex and de-
tailed. Refer to the current applicable ADA standards to verify 
requirements for a specific project.

Table 19.2 2010 ada MiniMuM elevaTor car diMensions

door location door clear Width (mm)
inside car side to 
side (mm)

inside car, back Wall 
to Front return (mm)

inside car back Wall to 
inside Face of door (mm)

Centered 42" (1065 80" (2030) 51" (1295) 54" (1370)

Side (off‐centered) 36" (915) 68" (1725) 51" (1295) 54" (1370)

Any 36" (915) 54" (1370) 80" (2030) 80" (2030)

Any 36" (915) 60" (1525) 60" (1525) 60" (1525)

Source: Redrawn from 2010 ADA Standards for Accessible Design, Table 407.4.1 Elevator Car Dimensions

Figure 19.2 accessible elevator cab dimensions, centered door 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 407.4.1
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Figure 19.3 accessible elevator cab dimensions, side (off‐
centered) door 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 407.4.1 
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PartS of an ElEvator
The main parts of an elevator include the car, cables, elevator 
machine, control equipment, counterweights, hoistway, guide 
rails, penthouse, and pit. (See Figure 19.4 and Table 19.3) An 
elevator is essentially a cage of fire‐resistant material supported 
on a structural frame, with lifting cables attached to its top. The 
car is guided in its vertical travel within the shaft by guide shoes 
on its side members.

An elevator is provided with safety doors, operating‐control 
equipment, floor‐level indicators, illumination, emergency exits, 
and ventilation. It is designed for long life, quiet operation, and 
low maintenance.

Elevators can be noisy. Noise‐sensitive areas such as sleep-
ing rooms should be located away from elevator shafts and ma-
chine rooms. Solid‐state equipment eliminates the clatter and 
whirring sound of older machine rooms.

ElEvator doorS
Both car and hoistway doors should be designed to coordinate 
with the overall architecture of the building. Doors may be sin-
gle, double, or four‐panel, opening in the center or to one side. 
A center‐opening door is the fastest. Car and hoistway doors for 
a given elevator are the same size.

Code requirements indicate that the clear opening for eleva-
tor doors should be at least 42" (1067 mm), with 48" (1219 mm) 
preferred. Smaller doors are appropriate only in residential or 
small, light traffic commercial buildings. For elevators with small 
cars and a short rise, a swing‐type manual corridor door may 
be permitted. Larger cars need power operated sliding doors.

With a door only 36" (914 mm) wide, two people are not able 
to pass each other at the same time. This delays loading until 
unloading of passengers is complete, affecting the speed and 
quality of service.

Table 19.3 elevaTor ParTs
Part description

Car (cab) Carries freight or passengers up and 
down in elevator shaft

Hoistway (shaft) Vertical space for travel of one or more 
elevators

Guide rails Vertical steel tracks on side walls of 
shaft that control travel of car

Cables Connected to the top beam of the 
elevator; lift cab in the shaft

Counterweights Rectangular cast iron blocks mounted 
in a steel frame to counterbalance the 
elevator cab

Elevator machine Driving motor on heavy structural frame 
turns sheave to lift and lower car, along 
with other equipment.

Penthouse Houses elevator machine on roof.

Control equipment Drive (motion) control: velocity, 
acceleration, position determination, 
leveling of car

Operating control: car door operation 
and functioning of car signals, including 
floor call buttons and indicating device

Supervisory control: group operation of 
multiple‐car installations; indicating and 
control devices: car and hallway buttons, 
lanterns, etc.

Elevator pit Extends from the level of the lowest 
landing to the floor of the shaft

Figure 19.4 electric elevator section 
Source: Redrawn from Francis D.K. Ching and Corky Binggeli, Interior 
Design Illustrated (3rd ed.), Wiley 2012, page 212

Penthouse

Hoisting cable

Guide rail

Elevator
car

Hoistway door

H
oi

st
w

ay

Counterweight

Elevator pit

Landing



380    |    FIRE SAFETY, CONVEYANCE, SECURITY, AND COMMUNICATIONS

Doors must have delayed door‐closing capacity with detec-
tion beams that reopen a door without contact when they sense 
a passenger. Delayed door closings increase travel time, so in 
buildings with traffic peaks, one or more elevators may be des-
ignated for use by people with disabilities during busy periods.

Doors can be equipped with an electronic sensing device 
that detects passengers in wide area on the landing in front of 
the car, rather than only in the door’s path. The device often 
has an audible signal, and the door stays open a predetermined 
length of time. This arrangement is especially useful where pas-
sengers cannot approach the entrance or enter the car quickly, 
as when they are towing baggage or holding children, using 
wheelchairs, or moving bulky objects.

ElEvator cabS
The elevator cab interior is a virtually inescapable and intimate 
place. It is important for an elevator cab in a commercial or 
institutional building to create a positive impression. Interi-
ors must deal with physical abuse, gravitational stress from 
rapid acceleration and deceleration, and shifting and vibration 
through constant movement. In addition, people in elevators are 
sometimes uneasy about traveling in a confined space and in 
close contact with strangers.

Pre‐engineered, pre‐manufactured elevator systems are 
completely engineered systems with known performance and 
cost. They offer rapid delivery and lower cost, with minimal ar-
chitectural and owner supervision required.

The interior designer is likely to be involved in the décor of 
elevator cabs and the styling of hallway and cab signals. The 
normal elevator specification describes the intended operation 
of the equipment, and includes an amount to cover the basic 
finishes of the cabs. The type and function of signal equipment 
specified, along with finishes and styling, are options that the 
architect and interior designer specify.

Standard original equipment manufacturer choices may not 
be very compelling. However, a custom designed elevator inte-
rior can be costly, time consuming, and subject to cancellation.

Elevator cab interiors may be finished in wood paneling, 
plastic laminate, stainless steel, and other materials. Floors are 
typically tile, wood, or carpet. The choice of material depends 
on the architectural style of the building, the budget available, 
and the practicality of the material for the elevator’s intended 
use. One set of protective wall mats is usually provided for each 
bank of elevators, especially if there is no separate service car.

Ceiling coves, ceiling fixtures, or completely illuminated lu-
minous ceilings provide lighting for the cab. Lighting fixtures 
may be standard or special designs. The goal in lighting the cab 
should be to provide pleasant, even illumination from sources 
that are resistant to vandalism and abuse.

Cab finishes should be appropriate to use by people with 
disabilities. Many people with vision problems are able to 
see with sufficient, nonglaring lighting. Sturdy handrails and  
nonslip finishes help people who have mobility problems.  
Well‐designed signals and call buttons avoid confusion for ev-
eryone, including people with perceptual problems.

cab oPEratIng PanElS and SIgnalS
Within the elevator cab, signals indicating the travel direction 
and present car location are either part of the cab panel or 
separate fixtures. A voice synthesizer may announce the floor, 
direction of travel, and safety or emergency messages inside 
the car. Voice synthesizers are very helpful for people with vi-
sion problems.

The car’s operating panel must have full‐access buttons for 
call registry, door opening, alarm, emergency stop, and fire-
fighters’ control. An intercom connected to the building control 
office provides added security. Sometimes a door‐closing but-
ton is provided if hand operation is anticipated.

Controls that are not to be used by passengers are grouped 
in a locked compartment. These include a hand operation 
switch as well as light, fan, and power control switches. Other 
special security and emergency controls may also be included. 
Still other controls are located in a cab compartment accessible 
only to elevator technicians, including devices controlling door 
motion, car signals, door and car position transducers, load‐
weighing control, door and platform detection beam equipment, 
visual display controls, and an optional speech synthesizer.

cab and Hallway SIgnalS and lantErnS
Cab and hallway signals and lanterns are designed to fit with 
the décor of cabs and corridors. Codes mandate the location 
of visible and audible call signals or lanterns within sight of the 
floor area adjacent to the elevator. The ADA specifies require-
ments for signals appropriate for people with disabilities. (See 
Figure 19.5)

Signals must be centered a minimum of 72" (1829 mm) 
above the floor at each hoistway entrance. Both jambs of the 
elevator hoistway entrances must have signage with raised 
characters and Braille floor designations, centered 60" (1524 
mm) above the floor.

Call buttons are to be centered 42" (1067 mm) above the 
floor in each elevator lobby. Hall buttons indicate the desired 

Figure 19.5 ada 2010 elevator hall signals 
Source: Redrawn from 2010 ADA Standards for Accessible Design, 
Figure 407.2.2.2
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direction of travel, and confirm visually that the call has been 
placed. A hall lantern at each car entrance must visually indicate 
the direction of travel of the arriving elevator, and preferably, its 
designation.

An audible signal of the car’s imminent arrival encourages 
people to move to the arriving car and speeds up service. Hall 
stations can be equipped with special switches for fire, priority, 
and limited access service as required.

Elevator Machines
The two most common types of elevators are electric (trac-
tion) elevators and hydraulic elevators. (See Table 19.4)

Passenger Elevators
Spatial requirements and traffic patterns are determining fac-
tors in interior space planning for passenger elevators. Perfor-
mance goals include minimizing waiting time for a car at any 
floor level, comfortable acceleration, rapid transportation, and 
smooth, rapid braking. The elevator should provide accurate 
automatic leveling at landings, rapid loading and unloading at 
all stops, and quick, quiet door operation. All mechanical equip-
ment should operate smoothly, quietly, and safely under all con-
ditions of loading. Emergency and security equipment should 
be reliable.

There should be good floor status and travel indication both 
in cars and at landings, with easily operated car and landing call 
buttons or other devices. Comfortable lighting and a generally 
pleasant car atmosphere are also important. Elevator shaft-
ways and lobbies should be integrated into the building layout 
and design. Cars and shaftway doors should be treated in a 
manner consistent with the building’s architectural design.

fIrE SafEty conSIdEratIonS
A firefighter’s return emergency service in the elevator is re-
quired by American National Standards Institute (ANSI) and 
additional local fire codes. Emergency personnel should have 
a means of two‐way communication with cars and the control 
center.

Some building codes require elevator shafts to have smoke 
vents at the top, allowing the hoistway to become a smoke 
evacuation shaft in an emergency. If there is a fire on a lower 
floor, the shaft fills with smoke, which helps clear smoke from 
the area of the fire. However, this prevents firefighters and other 
people from using the elevator. Codes have required that in the 
event of a fire, all elevator cars close their doors and return 
nonstop to the lobby or another designated floor, where they 
park with their doors open. They can then only be operated in 
manual mode with a firefighter’s key in the car panel.

For more information on elevator fire safety see Chapter 18, 
“Fire Safety Design.”

rESIdEntIal and lu/la ElEvatorS
Small private‐residence elevators can double as wheelchair 
lifts. Because they require overhead equipment space, stan-
dard traction elevators are uncommon in private residences, 
and hydraulic elevators must have a plunger bore hole below. 
Instead, residential elevators often rely on winding‐drum units, 
roped hydraulics, or worm and screw units. Building codes 
consider residential elevators a separate class if they have a 
maximum size of 18 square feet (1.7 m2), a load of 1400 pounds 
(635 kg), a rise of 25 feet (7.6 m), and a speed of 30 fpm 
(0.15m/s).

Residential elevators are available with laminate or wood 
car interiors. The doors, which can be designed to look like resi-
dential wood doors, have concealed safety locks. Car sizes vary 
to allow for more headroom or more platform area as needed. 
(See Figure 19.6)

Residential elevators are marketed for people with mobility 
problems. However, the small cab size may not accommodate 
a wheelchair or another person providing assistance. Cabs can 
have a single opening or two openings opposite each other or at 
right angles. Separate machine space is required.

Since the enactment of the ADA, there has been a need for 
another type of vertical transportation, the limited use/limited 
application (lu/la) elevator. A LU/LA elevator is defined as 
a power passenger elevator where the use and application is 
limited by size, capacity, speed and rise, intended primarily to 
provide vertical transportation for people with physical disabili-
ties. LU/LA elevators provide high‐quality access for people in 
wheelchairs and their companions.

LU/LA elevators were created to fill the void between the 
commercial elevator and the vertical platform or wheelchair 
lift. Typical applications include schools, libraries, small busi-
nesses, churches, and multifamily housing.

Table 19.4 elevaTor Machine TyPes
Type description

Geared traction Uses electric motor with gear box to 
adjust rotation speed of sheave. Medium‐
rise buildings.

Gearless traction Traction sheave rotated directly by 
electric motor, faster than geared. High‐
rise buildings. Provides a very smooth, 
high‐speed ride.

Machine‐room‐less 
(MRL)

Newer technology. Smaller electric 
motor fits inside elevator shaft; no 
machine room. More efficient motors 
use least energy of any type.

Hydraulic Supported by hydraulic mechanism 
(plunger) extending down into deep well. 
Plunger attached to bottom of car raises 
and lowers car.
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LU/LA elevator cars are required by the 2010 ADA Stan-
dards to have a minimum clear width of 42" (1065 mm) and 
a clear depth of 54" (1370). (See Figure 19.7) Exceptions are 
provided for cars with a clear depth of 51" (1295 mm) and 51" 
(1295 mm) depth with a clear door opening of 36" (915 mm). An 
exception is also made for existing cars with 36" (915 mm) clear 
width and 54" (1370 mm) clear depth and a minimum net clear 
platform area of 15 square feet (1.4 m2).

wHEElcHaIr lIftS
Inclined wheelchair platform lifts and chair lifts are available 
in a variety of designs. (See Figures 19.8 and 19.9) They are 
covered by the elevator code and must be installed in accor-
dance with code requirements, including safety elements and 
controls.

Chair lifts can be used on most stairs, even ones with turns. 
Wheelchair lifts are available with up to a 14‐foot (4.3‐meter) 
rise. An inclined chair lift uses the same space as the stairs, and 
is much less expensive than an elevator.

Vertical platform lifts are safe, economical, and space con-
serving ways to overcome architectural barriers up to twelve 
feet high. They are manufactured with a stationary enclosure, 
including gates and doors, as needed for each application.  

Figure 19.6 residential elevator 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1526
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Source: Redrawn from 2010 ADA Standards for Accessible Design, 
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Figure 19.8 inclined platform lift on stair

A vertical platform lift takes up a significant amount of 
space, unless it can be tucked in next to a stair landing. (See 
Figure 19.10)
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freight Elevators
Design factors for freight elevators include the amount of 
weight that must be transported per hour, the size of each load, 
the method of loading, and the distance of travel. The type of 
load, type of doors, and speed and capacity of cars is also 
considered.

For low rises below 60 feet (18 meters), hydraulic elevators 
provide accurately controlled, smooth operation, and accurate 
automatic leveling. Cabs are made of heavy‐gauge steel with 
a multiple‐layer wood floor designed for hard service. Ceiling 
lighting fixtures must have guards against breakage. Freight ele-
vator gates slide up vertically and are at least 6 feet (1.8 meters) 
high. Hoistway doors lift vertically or are center opening, and 
are manually or power operated.

Hydraulic and mechanical vertical lifts are available for ware-
house and industrial use. They are open frameworks custom‐fit 
to the application, ranging from simple two‐level applications to 
sophisticated multilevel, multidirectional systems.

Service cars and Special Elevators
In office buildings, one service car is typically provided for 
every 10 passenger cars. Service cars can serve as passenger 
cars at peak times. A service car has a door 48" to 54" (1219 to 
1372 mm) wide for furniture, and should have access to a truck 
door or freight entry, plus to the lobby.

Because hospital elevators must accommodate gurneys, 
wheelchairs, beds, linen carts, and laundry trucks, the cabs are 
much deeper than normal. A hospital elevator can hold more 
than 20 people, and service is slow.

obSErvatIon carS
An observation car comprises a glass‐enclosed car attached 
to a traction lifting mechanism behind the car. (See Figure 19.11) 
The back is treated as a screen to hide the equipment. Observa-
tion cars can also be designed with hydraulic lift mechanisms 
and cantilevered cars.

Figure 19.9 chair lift 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1527

Figure 19.10 vertical platform lift

Figure 19.11 Glass‐enclosed elevator
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InclInEd and rack and PInIon ElEvatorS
Inclined elevators are cars that ride up a diagonal path on in-
clined rails, pulled by a traction cable. The St. Louis Gateway 
Arch has a 10‐passenger inclined elevator on each side.

Rack and pinion elevators ride up or down a rack. A rotating 
cogged‐wheel pinion is attached to a vertical rack, moving the 
attached car up and down the rack. They are simple and safe 
for an unlimited rise with low maintenance and operating costs, 
and use little space. A rack and pinion system was used for a 
210‐foot (64‐m) rise in the 1986 renovation of the Statue of 
Liberty in New York to evacuate heart attack victims. Rack and 
pinion elevators are used indoors and outdoors in industrial en-
vironments for vertical transport of passengers and materials.

Elevator Security
If someone is being attacked in an elevator, the attacker can ren-
der the enclosed space of the elevator cab inaccessible by press-
ing the emergency stop button. The attacker can then restart 
the elevator and escape at any floor. To attempt to counter this 
danger, alarm buttons are provided that alert building occupants 
and any available security personnel.

Elevators must be equipped with communications equip-
ment by code. A two‐way communication system with hands‐free 
operation is best for security in the car. Security improves with 
a closed circuit television monitor with a wide‐angle camera in 
each car, with continuous monitoring at a building security desk.

Sometimes it is necessary to restrict access to or from a 
given floor or elevator car. Pushbutton combination locks and 
coded cards may work, but do not keep an unauthorized person 
from following the user inside the elevator. The best systems 
combine automatic monitoring and access devices with con-
tinual supervision by persons who know the appropriate action 
to take in an emergency.

Elevator Systems
Single‐zone elevator systems in which all cars serve all floors 
are generally used for buildings under 15 stories. Multizone 
systems split into two or more zones are used for buildings 
over 20 stories. Buildings with between 16 to 19 stories can 
use either type of system.

Large elevator systems use very sophisticated controls. 
The controls for small systems may be much simpler. Solid‐
state systems are universal now on new elevators.

Elevator lobbies
The elevator lobby on each floor is a focal point from which 
corridors radiate for access to all rooms, stairways, service 
rooms, and other spaces. Elevator lobbies must be located 
above one another.

The elevator lobby is usually the first place people see on 
each floor. The lobby serves as a waiting area, and needs to be 
kept clear of other circulation. Lobbies must be large enough 

to allow the peak number of passengers to wait comfortably. 
Approximately 4 to 5 square feet (0.4 to 0.5 m2) of floor area 
should be allowed per person waiting at peak time.

The ground floor elevator lobby (lower terminal) must be 
conveniently located with respect to the main building entranc-
es. This elevator lobby typically contains a building directory, 
elevator indicators, and possibly a control desk.

In very tall buildings, an attractively decorated sky lobby with 
a good view can be used to break up the long trip. Large groups 
of people are shuttled from the street lobby to this upper lobby 
where they transfer to another elevator to continue their journey.

Double‐deck elevators cars decrease the required shaft 
space and the number of local stops. They may be used with 
sky lobbies on two levels.

Specific types of spaces such as office and apartment build-
ings, hospitals, and retail stores have their own elevator require-
ments. (See Table 19.5)

EScalatorS and MovIng 
walkS
An escalator is a power driven stairway consisting of steps 
attached to a continuous circular belt. Moving walks (moving 
sidewalks) and moving ramps are power‐driven, continuously 
moving surfaces, similar to a conveyor belt, used for carrying 
pedestrians horizontally or along low inclines.

Escalators
Escalators (also called electric stairways or moving stairs) 
move more people faster than elevators. They move large num-
bers of people efficiently and comfortably through up to six 
floors, although they are most efficient for connecting two to 
three floors, with elevators preferred for over three floors. Their 

Table 19.5 elevaTor recoMMendaTions For 
sPeciFic occuPancies
occupancy comments

Office buildings Where used as service elevator for 
furniture moving, recommend oversized 
doors 4 to 4‐½ feet (1.2 to 1.4 m) and 
access to loading dock.

Apartment buildings Small cars with short rise may have 
swing‐type manual corridor door. 
Isolate hoistways and machine rooms 
from sleeping rooms.

Hospitals Large cars for vehicular traffic hold over 
20 people, slow service. Adding some 
passenger‐only cars and dumbwaters 
helps speed.

Retail stores One or two elevators for staff, people 
with disabilities.
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decorative design allows users to observe panoramic views. In 
addition to the standard straight escalator, special escalator 
designs include curved escalators.

You cannot be trapped on an escalator in a power failure, 
and escalators do not require emergency power, because you 
can simply walk up or down the stationary escalator as though 
it were a stairway.

Escalators require space for floor openings and for circula-
tion around the escalator. Because escalators move at a constant 
speed, there is practically no waiting period, but there should be 
adequate queuing space at each loading and discharge point.

Escalators may not be used as required fire exits. They can-
not carry wheelchairs or freight, so the building still needs at 
least one elevator.

The earliest working moving stair was designed in 1896 by 
Jesse Reno and installed as a novelty ride at Coney Island in 
Brooklyn, New York. The first commercial escalator, designed 
by Charles Seeberger and Elisha Graves Otis, won the first prize 
at the 1900 Exposition Universelle in France.

EScalator coMPonEntS
An escalator is structurally supported on a truss. (See Table 19.6) 
The balustrade beside the steps has a moving handrail. (See Fig-
ure 19.12)

Escalators are preferred over elevators by storeowners, as 
the customers see merchandise while changing levels. They are 
located on the main line of traffic so users can see them read-
ily and identify the escalator’s destination. Customers should 
be able to move toward the escalator easily and comfortably. 
When laying out a retail space, avoid blocking the line of sight to 
the escalator with large displays.

In the United States, all escalators rise at an angle of  
30 degrees from the horizontal. Standard escalators rise 10 to 
25 feet (3 to 7.6 m). There must be 7 feet (2.1 m) clearance 
overhead.

EScalator dESIgn
A tread 40" (1016 mm) wide could theoretically accommodate 
two people. (See Table 19.7) In reality, for psychological and 
physical reasons, one person per tread in an alternating diago-
nal pattern is the most common use. One half of the treads on 
an escalator with 24" (610 mm) treads are typically unused.

ASME A17.1 currently defines the width of an escalator as the 
width of stair tread (in inches). Previously the width was the 
distance between balustrades; that measure now called “size.”

An escalator needs adequate queuing space at each loading 
and discharge point. Backups are dangerous when people are 
constantly exiting the escalator, especially in theaters and sta-
diums during peak traffic flows. Backups can be avoided by pro-
viding well‐marked escalators with enough capacity. The landing 
space in front of escalator should be a minimum of 6 to 8 feet 
(1.8 to 2.4 m) deep, and more for higher speed escalators.

The length of an escalator base on a 30‐degree angle in-
cline is equal to 1.782 times the floor‐to‐floor height. Added to 
this is the length of the horizontal landing platforms at the top 
and bottom.

Collecting space at intermediate landings relieves pressure. 
Physical divisions at intermediate landing turnaround points 
guide riders away from the discharge points. A setback for the 
next escalator eases a 180‐degree turn, so that people do not 
have to bunch up where they step onto the next escalator.

Table 19.6 escalaTor coMPonenTs
component description

Truss Welded steel frame supports escalator on 
both ends, and in middle if rise is over  18’ (5.5 
m). Provides space for mechanical equipment.

Tracks Steel angles attached to truss guide step 
rollers and control step motion.

Drive system Sprocket assemblies, chains, and machine work 
like bicycle chain drive.

Emergency 
stop button

Located at both ends of escalator. Stops the 
drive machine and applies brake.

Elongated 
newels

ADA requires elongated newels with minimum 
of two horizontal treads before landing plate 
to allow people to adjust before leaving 
escalator.

Handrails Synchronized with tread motion for passenger 
stability and support.

Balustrade 
assembly

Designed for maximum passenger safety 
stepping on and off. Side panels of the 
escalator made of fiberglass, wood, or plastic.

Figure 19.12 Parts of an escalator

Moving handrail
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Table 19.7 sTandard escalaTor WidThs and 
sizes
Tread Width Tread size number of Persons

24" (610 mm) 32" (813 mm) One adult and one child 
(1¼ persons)

32" (813 mm) 40" (1016 mm) 2 adults per step

40" (1016 mm) 48" (1219 mm) 2 adults per step
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Escalators should exit to an open area with no turns or 
change of direction necessary. If turns are needed, large clear 
signs should direct users.

EScalator SafEty fEaturES
Escalators are extremely safe, with smooth surfaces and hand-
rails designed so fingers cannot be caught under them. Top and 
bottom comb plates are designed to prevent jamming, and are 
trip‐proof.

Escalator injuries and deaths are usually the result of trip-
ping or falling rather than equipment malfunction. Items (includ-
ing body parts) can be caught in toothed escalator treads and/
or between treads and the escalator sides. Safety mechanisms 
sometimes do not stop movement as intended.

EScalator fIrE ProtEctIon
Escalator mechanical equipment (trusses, return treads, motors) 
must be enclosed in fire‐rated construction. The escalator 
opening between floors must be designed to prevent a fire from 
spreading.

There are four methods of fire protection for escalators. 
(See Table 19.8) The code requires one or more when an escala-
tor pierces more than two floors to prevent a fire from spread-
ing through the escalator opening.

Escalators are typically not allowed as a means of egress. 
Some exceptions are made for escalators in existing buildings if 
they are fully enclosed within fire‐rated walls and doors. Codes 
may also require specific sprinkler system configurations.

EScalator lIgHtIng
Escalators must have adequate lighting for safety, especially at 
the landings. Supplement general lighting on the ceiling above 
the escalator, especially on the comb plates. Balustrade light-
ing is also possible. In addition, as a featured part of the décor, 
lighting should enhance the visual focus on the escalator.

arrangEMEnt of EScalatorS
The crisscross arrangement is the most common arrangement 
for escalators. It locates the entrances and exits to their upper 
and lower ends at opposite ends of the escalator. Crisscross 
escalators take up the minimum amount of floor space and have 
the lowest structural requirements.

Separation of escalators creates a longer walk for the cus-
tomer to view merchandise. Separation allows easier mixing of 
entering riders with continuing riders. About 10 feet (3 m) is the 
maximum feasible separation.

Separated crisscross arrangements consist of only an up 
or a down escalator in one location. They allow space at the 
end of the run for merchandise. If the distance to the next run 
is too long or if the next escalator is not in sight, users become 
annoyed. This is made worse when the floor space for the trip 
between escalators is inadequate, resulting in crowding, push-
ing, and delays.

Walk‐around crisscross escalators reverse the direction of 
second‐level stairs, forcing the passenger to walk around the 
entire length of the stair to continue up. This arrangement re-
quires extra floor space around escalators. It makes store dis-
plays highly visible, but is potentially annoying.

Spiral crisscross escalators provide an uninterrupted trip 
with an up spiral and a down spiral. (See Figure 19.13) Stairs 
nest into each other to economize space. Spiral crisscross es-
calators can be used for up to 5 floors without annoying the 
rider.

Parallel escalators face in the same direction. They are less 
efficient, more expensive, and use more floor space than criss-
cross arrangements, but have an impressive appearance. Paral-
lel escalators can use spiral arrangements or stacked parallel 

Table 19.8 escalaTor Fire ProTecTion
Method description

Rolling fire shutter Activated by temperature and smoke 
detectors. Entirely closes off wellway 
at a given level, prevents drafts and 
fire spread. Uncommon in the United 
States, more common in the United 
Kingdom and Europe.

Smoke guard Fireproof baffles surround wellway and 
extend down about 20" (508 mm) from 
ceiling to deflect smoke and flame. 
Automatic water curtain from sprinkler 
heads on ceiling then isolates the 
escalator.

Spray‐nozzle curtain Similar to a smoke guard. Closely 
spaced, high‐velocity water nozzles 
create compact water curtain, prevent 
smoke and flames from rising. All 
nozzles open simultaneously.

Sprinkler‐vent Fresh air intake on roof. Blower drives 
air down through wellway, and roof 
exhaust fan creates strong draft 
upward through exhaust duct, drawing 
air from just under ceilings. Includes 
spray nozzles.

Figure 19.13 spiral crisscross escalators 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1537
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arrangements. (See Figure 19.14) Banks of three or four parallel 
units are often used in transportation terminals, with all but one 
in a bank traveling in the same direction; their direction can be 
reversed to accommodate the heaviest traffic direction.

Moving walks and ramps
Moving walks and ramps are very similar in construction and op-
eration, but differently applied. Their components are like those 
of an escalator, but with a flattened pallet in place of steps. Mov-
ing walks and ramps are limited to about 1000 feet (305 meters) 
in length. The depth of the supporting truss is typically 3'‐6" 
(1 m), which is likely to impinge on the ceiling of the floor below.

The dimensions and speed of moving walks and ramps are 
not as standardized as escalators, and are usually designed for 
the specific application. A variety of widths are made, with 55" 
(1397 mm) wide units in transportation terminals allowing walk-
ers to pass other passengers.

MovIng walkS
Moving walks (also called moving sidewalks or autowalks) are 
high‐capacity continuous people movers designed to reduce 

congestion and force movement along a designated path. They 
eliminate or accelerate the need to walk long distances in a 
building. A moving walk consists of a power driven continuously 
moving surface similar to a conveyor belt.

Moving walks can be used to transport large, bulky objects 
easily. Their most common use is in air transport terminals and 
other transportation facilities. (See Figure 19.15)

Moving walks are also used to move people past display win-
dow or other points where congestion or stopping is undesirable. 
In addition, they are useful to people with mobility problems.

Although a moving walk was first introduced at the 1893 
World’s Columbian Exposition in Chicago, the first commercial 
installation in the United States did not occur until the 1950’s, 
when the Speedwalk was built by the Goodyear Company for 
Hudson & Manhattan’s Eire Station in Jersey City, New Jersey.

Moving walks move large numbers of people horizontally for 
distances of at least 100 feet (30.5 m). Distances over 300 feet 
(91 m) use multiple units end to end with on/off space between. 
They are available in widths from 2 to 9 feet (0.6 to 2.8 m), and 
are commonly 32", 40", or 56" (813, 1016, or 1422 mm) wide.

A moving walk must not incline more than five degrees from 
the horizontal. The maximum speed for horizontal moving walk-
ways is 2 miles per hour (mph) (3.2 kmh).

MovIng raMPS
A moving ramp is a moving walkway that inclines between 
five and fifteen degrees. Moving ramps offer a way for wheeled 
vehicles and large, heavy packages to move vertically and Figure 19.14 Parallel stacked escalators 

Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1539
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horizontally through a building. They are also an option for 
people who would have trouble using an escalator. Multilevel 
stores use moving ramps to transport shopping carts to roof-
top parking lots. Transportation terminals use them to carry 
luggage carts that cannot easily negotiate escalators.

MatErIalS HandlIng
Until the late 1970s, materials were transported within com-
mercial and institutional buildings primarily by hand, with some 
mechanical assistance. Office messengers carried mail. Hospi-
tals used dumbwaiters, service elevators, conveyors, or chutes. 
Large stores used pneumatic tubes to carry money. Today, 
these tasks can be done automatically and usually much more 
rapidly. The initial cost of automatic systems is high, but the 
reduction in labor and increased speed result in a short payback 
period and a rise in efficiency.

Materials handling systems include elevator and conveyor 
types and pneumatic systems, among others. (See Table 19.9)

dumbwaiters
Manual load‐unload dumbwaiters are used in department 
stores to transport merchandise from stock areas to selling 
and pickup centers. Hospitals use dumbwaiters to transport 
food, drugs, and linens. Restaurants with more than one 
floor carry food from the kitchen and return soiled dishes in 
dumbwaiters.

Dumbwaiter designs include traction or drum styles. (See 
Figure 19.16) The car is often divided by shelves. Dumbwaiters 
can be designed to load at floor, counter, or other specified 
heights. Maximum platform area for a dumbwaiter is 9 square 
feet (0.8 m2), and maximum height is 4 feet (1.2 m). Many dumb-
waiters are limited to 50 feet (15.2 m) in height and 300 to  
500 pounds (136 to 227 kg) per load.

EjEctIon lIftS
Ejection lifts are automated dumbwaiters that move relatively 
large items in carts or baskets vertically and rapidly. Institu-

tional and other facilities use them for rapid vertical movement 
of relatively large items. They can deliver food carts, linens, 
dishes, and bulk‐liquid containers, for example. Each load is 
carried in a cart or basket, which is manually or automatically 
loaded. At delivery, the item must be picked up and horizontally 
transferred to its final destination.

conveyors
Industrial facilities and commercial buildings like mail‐order 
houses use horizontal conveyors. They are relatively low cost 
and can carry large quantities of merchandise. However, they 
demand an inflexible right‐of‐way, are noisy, and may be danger-
ous if misused. Horizontal conveyors are used in airports for 
check‐in baggage, in cafeterias for soiled dishes, and in post 
offices and mail‐order houses for parcels.

A selective vertical conveyor picks up and delivers tote boxes 
(also called trays) that are carried along a continuous chain. The 
operator puts the item in a tote box, addresses the box, and 
places it at a pickup point. The next empty carriage on the chain 
picks up the box and delivers it.

Table 19.9 MaTerials handlinG sysTeMs
system Type description

Elevator‐type 
systems

Vertical‐lift cars including dumbwaiters 
and ejection lifts

Conveyor‐type 
systems

Horizontal, vertical, or inclined

Pneumatic systems Sophisticated pneumatic tube systems 
and pneumatic trash and linen systems

Other systems Automated messenger carts, automatic 
track‐type container delivery systems, 
others

Figure 19.16 dumbwaiter 
Source: Redrawn from Walter T. Grondzik and Alison G. Kwok, 
Mechanical and Electrical Equipment for Buildings (12th ed.), Wiley 
2015, page 1530
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compressors that require acoustical isolation. However, they 
perform their specific task efficiently and cheaply.

automated container delivery Systems
In an automated container delivery system, containers are 
locked onto a motorized carriage, which is in turn locked onto the 
track system. Containers come in a variety of sizes. Automated 
container delivery systems are easy to retrofit into a building, 
due to their small size and flexible track layout, but tend to be 
expensive.

In another variation, passive guidance tapes installed below 
the carpet invisibly route robotic battery‐powered vehicles that 
can connect to elevators for vertical transport. They are used 
for pickup and delivery of parts in industrial settings, for food 
and supplies distribution in hospitals, and for mail and docu-
ment pickup and delivery in offices.

With this chapter’s look at conveyance systems, we have 
nearly finished our survey of building systems. In Chapter 20, 
we look at how technology is changing communications, secu-
rity, and control equipment in today’s buildings.

Pneumatic Systems
Pneumatic systems were invented in the nineteenth century 
and continue to be used for the physical transfer of items, al-
though they have been replaced by digital media for data trans-
mission. They are reliable, rapid, and efficient. Pneumatic tube 
systems consist of single or multiple loops of tubes 2½" to 6" 
(64 to 152 mm) in diameter, and are also available in special 
shapes. In the past pneumatic tube systems relied on large, 
noisy compressors. Newer computer‐controlled systems are 
relatively quiet.

Pneumatic trash and linen systems provide for rapid move-
ment of bagged or packaged trash and linen from numerous 
outlying stations to a central collection point. Health codes re-
quire separate systems for trash and linen. Linen systems are 
commonly used in hospitals. Trash systems are found in many 
types of buildings, often along with trash compactors.

A pneumatic trash or linen system consists of large pipes 
16", 18", or 20" (406, 457, or 508 mm) in diameter. They carry 
one load at a time at 20 to 30 feet (6 to 9 meters) per sec-
ond. These pneumatic systems do rely on large and very noisy 
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Buildings are being designed and operated with computer 
software that integrates building systems, combining commu-
nications, security, and control systems. Today’s residential cli-
ent may have a home alarm system, fire monitoring, weather 
monitoring, and other security systems, as well as wireless and 
mobile control of appliances, lighting, and other building func-
tions. The emerging field of interior technology design can aid 
in creating a home lighting and media audiovisual experience 
controlled with a remote or touch screen.

IntroductIon

No area of equipment design and application in buildings 
has seen such rapid and sustained changes as that of 
signal equipment. Signal equipment encompasses all 
communication and control equipment, the function of 
which is to assist in ensuring proper building operation. 
Included are: surveillance equipment such as that for 
fire and access control; audio and visual communication 
equipment such as telephone, intercom, and television 
(both public and closed‐circuit); and timing devices such as 
clock and program equipment and all types of time‐based 
controls. (Walter T. Grondzik, Alison G. Kwok, Mechanical 
and Electrical Equipment for Buildings (12th ed.), 
Wiley 2015, page 1409)

In this chapter, we look at the design of communications, 
security, and control equipment for residential and commercial 

buildings. We do not pretend to know what the future will bring, 
so our focus is on basic design principles.

Signal Systems
Signal systems send and receive electronically coded infor-
mation. They include all communication and control equipment, 
security, music and sound, intercom, clock and program, pag-
ing, and building automation systems. (See Table 20.1.) These 
functions were previously separate, but are now frequently com-
bined and multipurpose. Signal systems are designed by the 
electrical consultant, or by special fire protection, audiovisual, 
or acoustical consultants.

For fire detection and alarm systems, see Chapter 18, “Fire 
Safety Design.” For HVAC controls, see also Chapter 14, “Heat-
ing and Cooling.”

Public buildings such as hotels, motels, hospitals, schools, 
and museums typically have special service requirements be-
yond those of office buildings with normal data processing and 
telephone services, and may require public address, piped mu-
sic, and closed-circuit television (CCTV).

All signal systems consist of a source, a means of convey-
ing the signal, and  indicating equipment at the destination. (See 
Table 20.2) Symbols for signal devices appear on drawings. 
(See Figure 20.1)

20
communications, Security, and 

control Equipment 
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Table 20.1 Signal SySTem TypeS
Type Description

Surveillance equipment Security, fire, and access control

Audiovisual 
communication 
equipment

Telephone

Broadcast TV with very high 
frequency (VHF) and ultra high 
frequency (UHF) reception

Closed‐circuit TV for security or 
educational purposes

Paging and sound systems with AM/
FM tuners, intercom

Timing devices Clock and program equipment, time‐
based controls; incorporated into 
building mechanical control systems

Master clock system with 
interconnected clocks and bells

HVAC controls From simple thermostats to 
computerized energy management 
systems

communIcatIon SyStEmS
Communications wiring supports computers, telephones, videos, 
televisions, audio microphones and speakers, and signal devices 
such as clocks. Separate wiring circuits are required for the 
sound and signal equipment of telephone, cable, intercom, and 
security or fire alarm systems.

The building’s electrical system has close relationships with 
its communications systems. The installation of communica-
tions wiring also affects walls, partitions, and finishes.

Communication and building control wiring uses low‐voltage 
wires to carry information within buildings. Other information 
is carried on powerline carrier (PLC) systems, fiber optics, or 
wireless systems. Power line carrier (PLC) signals are high fre-
quency signals impressed on electric power wiring.

See Chapter 16, “Electrical Distribution,” for more information 
on power line carrier (PLC) signals.

residential communications
Residences today are intimately linked with the rest of the 
world through mobile and wireless devices. Sophisticated au-
tomated residential systems control security, fire alarms, time 
functions, thermostats, blinds, lighting, and door locks among 
other items. These systems use dedicated wiring, control bus, 
or PLC signals, which all show a trend toward consolidated 
control, with a single control panel serving multiple residential 
systems.

Residential telephone service normally follows the overhead 
or underground route of the electric service, but with a separate 
service entrance. Telephone wiring installed after a residence 
is constructed requires surface‐mounted cable that is unsightly 
and often objectionable. Telephone service can be prewired by 
running cables within the wall framing into empty device boxes 
for later connection. Wireless telephone service is decreasing 
the need for wired telephone and data lines.

Wireless communications allow occupants to work any-
where in the home. A home planning center with a cell phone 
charging station, often in the kitchen, can act as the communi-
cation center for household members.

The kitchen or another space may function as a home of-
fice, with a computer and Internet connection, laptop docking 
station, electronic charging station, and other equipment such 
as a printer and shredder. Plan for cord management with cable 
channels or raceways if necessary. Internet wiring also provides 
support for Internet‐ready appliances.

Refrigerators today connect wirelessly to the Internet to 
help track expiration dates or order food online through a smart-
phone. A screen embedded into a digital‐wall backsplash allows 
the user to cook with TV chefs or check a security camera feed. 
Software allows smart devices to talk to one another, and voice 
and gesture‐enabled controls are on the horizon.

Table 20.2 baSiC Signal SySTem ComponenTS
Component Description

Source Sensor to pick up signal, plus CCTV camera, 
telephone or intercom device to process 
and transmit it. TV or radio signal antenna.

Means of 
conveying 
signal

Usually low‐voltage wiring or radio airwaves. 
TV antenna cables and close‐circuit 
connections must be shielded, generally not 
grouped with phone lines due to possible 
signal interference.

Indicating 
equipment

Audible, visual, printed hard copy. Signal 
indicators include loudspakers, computer 
monitors, bells, horns, sirens, and flashing 
lights.

Figure 20.1 Signal device symbols 
Source: Redrawn from Vaughn Bradshaw, The Building Environment
(3rd ed.),  Wiley 2006, page 336

Telephone outlet

Clock hanger outlet

V Television outlet

Flush-mounted ceiling speaker

General alarm horn

S Smoke detector
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Provide good ventilation for computer components; they 
should not be enclosed in cabinets. Computers may need one 
or more dedicated circuits with surge protection appropriate to 
the equipment.

Televisions in the kitchen and elsewhere may link to a home 
cable or satellite system. Connections may need to be provided 
for a DVD player plus speakers and a sound system; wireless 
systems are increasingly available. Equipment can be located 
elsewhere with ceiling, recessed, or wall-mounted speakers.

The home may have internal communication networks intend-
ed for small children and older adults needing assistance. These 
should be accessible to all family members and located where all 
users can easily reach controls. Help systems that use telephone 
connections for emergency calls can be lifesavers.

A basic residential intercom system has one or more mas-
ters and several remote stations, and can allow the front door 
to be answered from various points in the home. Voice com-
munication and CCTV may be added for identification. Leaving 
the intercom system in the open position allows remote moni-
toring. Low voltage multiconductor intercom cable is generally 
run concealed in walls, attics, and basements. Other systems 
eliminate separate wiring and make remote stations portable by 
imposing voice signals on the house power wiring, with plug‐in 
connections to a power outlet.

office Building communications
Office building communications systems frequently combine 
four functions into a single network. These include intra‐office 
voice communication (intercom), interoffice and intra‐office 
data communication using telephone and communication ca-
bling, outside communication via telephone company or data 
lines, and a paging function. Office building communications 
systems are often purchased or leased from a private company. 
The same instruments and switching equipment can be used for 
both intercom and outside connection.

Office building communications planning may require setting 
aside large amounts of space in critical locations for the service 
entrance room (equipment room), vertically stacked riser 
spaces (shafts) and riser closets, and satellite closets where 
required. Horizontal distribution between closets and devices 
may use conduit, boxes and cabinets, underfloor raceways, and 
over‐the‐ceiling systems. Here again, wireless communications 
promise savings in space and equipment.

It is important for interior designers to consider the location of 
data and phone receptacles when laying out desks. Receptacles 
should be located on walls where desks will be placed, rather 
than in locations that would require running extension cords.

School communication Systems
An integrated sound‐paging‐radio system designed for school 
use provides a means of distributing signals from recordings, 

broadcasts, or live sound to selected areas. The simple system 
can provide a CD player and single microphone with a single 
channel to all the speakers in the school. More complex sys-
tems can distribute multiple input signals to different areas of 
the school. A small system can be installed in a compact desk-
top console. A large system often requires a separate console, 
frequently built as a desk with adequate space for the equipment 
and the person operating it. An alcove of 30 to 50 square feet 
(28 to 4.7 m2) may be reserved for it and a library of recordings.

Electronic teaching equipment for schools is evolving so 
fast that it is not feasible to predict future needs accurately. 
Both passive and interactive modes are used.

Passive‐mode equipment encompasses all recorded material in 
any format that is available to the student via a form of information 
retrieval. Passive‐mode usage includes printed, audio, and video 
material in conventional and electronic library forms.

Interactive mode involves a student using a computer for 
individual study at his/her own pace. Building designers must 
accommodate rapid developments are occurring in this field at 
all educational levels with provisions for electrical power, cable 
raceways, lighting, and HVAC.

data and communications Wiring
Interior designers are often responsible for showing the loca-
tion of electrical power, data, and telephone connections, both 
in homes and in offices. The design goal is flexibility and ease 
of access. Plugging in equipment should not require the user to 
crawl around on the floor. Rewiring for new technology should 
not involve ripping up walls and floors. The special design needs 
for data and communications may make it worthwhile to hire a 
design consultant familiar with the latest technology.

Many small low‐voltage wires may be twisted in pairs or co-
axial form. (See Table 20.3 and Figures 20.2 and 20.3) Some 
are shielded to prevent signal interference between circuits.

Table 20.3 CommuniCaTionS CableS
Type Description

Category 5e and 6 
unshielded twisted 
pair (UTP) cable

For computer networks such as Ethernet. 
Cat 5 has mostly been replaced by Cat 
5e and Cat 6 cable.

Shielded twisted 
pair (STP) cable

Cancels out electromagnetic interference 
from external sources; outdoor landlines.

Optical fiber cable Transmits data converted to light pulses. 
Core of glass or plastic filament encased 
in a plastic sheath. Used for telephone, 
Internet, cable television signals.

Coaxial cable Resists electronic interference. Used 
for cable TV and radio frequency local 
area networks (LANs). Typically a single 
wire conductor with a layer of insulation, 
outer shielding conductor, and second 
layer of insulation.
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Flat cables are used for signal and communication wiring 
and both electrical and fiber‐optic cables and accessories for 
data transmission. Fiber optic cables are used instead of cop-
per cabling in installations with very heavy data transmission 
loads, video systems, or high‐security, low‐noise, and broad‐
bandwidth requirements. (See Figure 20.4)

As long as we continue to use wires to carry information, wires 
will be part of our interior environments. A great deal of the wiring 
currently in existing buildings may be inactive, left over from a 
previous tenant or use. (See Figure 20.5) As wireless technology 
expands our options, more and more wiring will become obsolete.

Access flooring raised only a few inches can house wiring 
that remains easily accessible and almost invisible. (See Fig-
ure 20.6) Height changes may need to be ramped or otherwise 
made accessible.

See Chapter 16, “Electrical Distribution,” for more information 
on access flooring and wiring.

Premise Wiring
The system of raceways, boxes, and outlets dedicated to all 
types of communications systems (with the general exception of 
audio signals) is known as premise wiring. The term often does 
not include the wiring itself. Premise wiring raceways are often 
surface mounted to allow frequent access and to accommodate 

preterminated data cables that can be difficult to pull through 
recessed raceways. (See Figure 20.7) The larger premise wir-
ing raceways are easier and less expensive to install than other 
surface‐mounted units. Premise wiring devices and raceways 
are also referred to as wire management.

television
Cable television systems may receive their signals from an out-
door antenna or satellite dish, a cable company, or a closed-circuit 
system. If several outlets are required, a 120V outlet is supplied 

Figure  20.2 Category 5e and 6 unshielded twisted pair  
(uTp) cable

Twisted pair

Cross-web filler

(a) Category 5e

(b) Category 6

Figure 20.3 Coaxial cable

Figure 20.4 Fiber optic cable Figure 20.5 Wiring on ceiling

Figure 20.6 access floor data cables
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to serve an amplifier. Coaxial cables in a nonmetallic conductor 
raceway transmit the amplified signal to the various outlets.

In today’s multiple‐dwelling residences, each room has one 
or more cable/Internet “jack” outlet for signals from a satellite 
dish or cable television provider. The system is constructed as 
empty conduits connecting to cable‐pulling points in cabinets; 
subcontractors later install the wiring. In residential low‐budget 
construction, only floor and wall sleeves are supplied and co-
axial cables are run exposed.

Closed-circuit television (CCTV) cameras used for security 
purposes are very common in banks, retail stores, high‐rise 
apartment buildings, and industrial complexes. They are located 
in parking garages, elevators, and all possible means of access, 
including doors and windows and exterior ventilation openings 
for fans and ducts.

telecommunications
Rental apartment buildings and dormitories have similar layouts 
on each floor, and cable can be run in risers through sleeves in 
vertically aligned closets within apartments. Individual rooms 
can be prewired without conduit or with only a few short sleeves. 
Telephone closets require adequate lighting and electrical ser-
vice for maintenance.

Large installations require a service connection, terminal 
enclosures, riser spaces, and other equipment similar to elec-
trical systems. Large systems are usually designed, furnished, 
and installed by a telecommunications company.

Security Systems
Building security systems should be part of the initial stages of 
building design. Today, security hardware often requires wiring. 

Information is available from equipment manufacturers or secu-
rity system design consultants.

SEcurIty SyStEm aPPlIcatIonS
Residential security systems are designed for either private 
residences or multifamily buildings. Commercial building secu-
rity systems focus on surveillance, and intrusion detection and 
deterrence.

rESIdEntIal SEcurIty SyStEmS
Residential alarm systems can be as simple as wireless, bat-
ter‐operated do‐it‐yourself equipment. More complex options 
include additional sirens, temperature sensors, and water sen-
sors installed just above floor level.

Smartphone‐operated locks today can replace traditional 
locks and deadbolts for keyless access that allows residents to 
monitor and customize who gains entry and keep track of ac-
tivities such as Internet and light use within their house. Smart-
phone controlled security alarms can cause lights to change 
color or flash to alert the homeowner of an intruder. Products 
also allow homeowners to video‐chat with someone ringing the 
doorbell, even when they are not themselves home.

Residences have most commonly used magnetic door and 
window switches as well as passive infrared (PIR) and/or motion 
detectors. Providing a switch at the end of a long cord allows a 
resident to set of the alarm manually. Intrusion alarm systems 
can be monitored by a security company’s continuously super-
vised central station for direct response or notification of police.

Residential solutions can combine networking, computing, 
automation, and entertainment integrated into a central control 
platform. Lighting control, climate control, whole‐house music 
and video, and energy monitoring are also available.

In apartment buildings, the security and doorbell functions 
are often combined. A two‐way intercom in the building entrance 
allows apartment tenants to screen callers before opening the 
lobby entrance door.

multIPlE‐dWEllIng SEcurIty SyStEmS
Apartment buildings frequently combine security and door-
bell functions. Using a two‐way intercom between the building 
entrance and each apartment, occupants can screen callers 
and push their release button to open the lobby entrance 
door. A closed‐circuit television is often added to the system.

Emergency call buttons within apartments are often added 
to apartment buildings for intruder alarms. In luxury apartment 
buildings, apartment doors can be monitored from a central 
security desk.

Housing designed for older people often includes provisions 
to unlock an apartment door to allow helpers summoned by 
lights and alarms. Emergency call systems for elderly, handi-
capped, or other residents alert people outside a closed apart-
ment to an emergency inside due to illness or distress. Many 
construction and housing codes describe required equipment, 
including a call initiation button in each bedroom and bathroom 

Figure 20.7 Signal cabling raceway
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that is monitored 24 hours per day and will register an audible 
alarm and visible annunciated signal. Additional signals in each 
floor’s corridor and at each apartment alert immediate neigh-
bors to a distress call.

Magnetic cards and electronic combination locks are es-
pecially useful for residential facilities catering to transients as 
they allow easy code changes.

HotEl and motEl SEcurIty SyStEmS
Security systems for hotels and motels include room access 
security and equipment security. Most modern hotels use elec-
tronic room locks with opening device codes changed with each 
guest. These locks may have coding changed from a central 
console, comprise magnetically or electronically coded cards, 
or use a programmable electronic lock and coded key device.

Equipment security for guest rooms and meeting rooms is 
typically designed by a specialty theft control consultant. A sys-
tem applied in hotels, schools, office buildings, and industrial 
facilities senses the disconnection of equipment from its power 
connection and transmits an alarm to an annunciator at a con-
trol location.

ScHool SEcurIty SyStEmS
Security equipment for schools includes door and window sen-
sors that can both trip local alarm devices and notify police 
headquarters. A perimeter alarm detection system helps pre-
vent after‐hours entry. Exterior lighting can be activated to deter 
vandals. An exit‐control alarm is used for doors locked on the 
outside that must be operable from inside in an emergency.

School clock and program systems are today combined into 
a single system that also provides timing for all programmable 
switches and controllers. A clock and program device controls 
clock signals, audible devices, and other optional devices. A tone 
produced on a classroom speaker is often preferred to bells, 
gongs, buzzers, or horns.

offIcE BuIldIng SEcurIty SyStEmS
Office building security systems normally use some type of 
manual watchman’s tour system with key and clock stations so 
that surveillance of unoccupied areas is conducted on a regular 
basis. A simple manual system consists of small cabinets con-
taining a key that are placed at intervals around the building. 
The watchman uses the key to operate a special wall‐mounted 
or portable clock that records the time he checked each specif-
ic location. A computerized version of this system automatically 
records data and provides a printout. Systems are also avail-
able that permit constant supervision from a central location.

There is a current trend toward integration of security sys-
tems with communications, fire safety, and emergency man-
agement systems. Some CCTV, fire, mass notification systems, 
and burglar alarms systems have been integrated for access 
control.

Building security affects the interior layout. It may be neces-
sary to reach a compromise between providing as many fire ex-
its as possible versus as few as required for security purposes. 

Exit doors may not be locked against the direction of exit travel, 
but may be locked to entry. Enclosed exits are especially likely 
to create security problems as they provide easy escape routes 
for thieves, offer a way to travel to prohibited floors or avoid be-
ing questioned by reception desk, and can be inconspicuously 
used to gain unauthorized entry.

Security equipment electronically extends the surveillance 
abilities of a limited security force to remove or reduce the 
incidence of theft, assault, or vandalism. Security personnel 
are still needed to monitor security devices and apprehend 
criminals. Detection devices can automatically alert the police, 
or private security guards can both alert authorities and appre-
hend criminals.

Security Equipment
Security equipment for buildings begins with intrusion detection. 
Public emergency reporting systems (PERS) provide access to 
aid people in public spaces.

IntruSIon dEtEctIon
Intrusion detectors at doors and windows and motion detec-
tors within the building trigger an alarm if someone enters an 
unauthorized area. (See Figure 20.8 and Table 20.4) Intrusion 
detection begins when a sensor detects the problem. Detecting 
devices may be CCTV, motion detectors, intrusion detectors, 
or smoke/fire detectors, as separate systems or as parts of an 
integrated security system. The signal is then processed and 
appropriate measures are taken. These may include sounding 
alarms, turning on lights, and/or sending signals to central pro-
prietary or private surveillance services or police.

EmErgEncy communIcatIonS SyStEmS
public emergency reporting systems (peRS) may be 
located in key egress and public gathering areas. Fire, police, 
or medical emergencies can be reported to qualified operators 
within facility. Pulling fire handle sends an audio alarm and 
visible location indication to the building control room. Lifting 
the handset from its cradle sounds a visual and audio alarm in 
the central control room in direct contact with the PERS station. 
The medical handle summons medical/paramedical service 
automatically.

Figure 20.8 active ultrasonic intrusion detector
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Firefighter communication systems use phones that plug 
into special jacks in stairwells, elevator lobbies, and other key 
locations for communication among firefighters and with the 
command station. In large high‐rise buildings, central control 
centers often control the HVAC and electrical services as well 
as monitor fire alarms from a single point.

control and automatIon 
EquIPmEnt
A central point of supervision, control, and data collection for 
the mechanical and electrical systems of an office building 
allows the entire building’s functioning to be surveyed and con-
trolled from a single location, while providing opportunities for 
automation. This supervisory control center equipped with 
computers that process data to make operational decisions is 
routinely installed in office buildings. Such systems optimize 
system performance, providing savings in operating and main-
tenance costs.

automation
In general, supervisory control center systems are referred to 
as building automation systems (baS). Spaces that house 
BAS centers require good lighting and ventilation as well as ex-
tensive raceway space, but take up little area.

A remote control system, as opposed to an automated system, 
employs a technique by which an action can be performed 
manually at the device being controlled from a remote location 
by some intermediate means, such as low‐voltage wiring or a 
wireless signal.

An automated system uses an automatic signal from a 
timing device or a programmable device such as a micropro-
cessor or computer. An automated system can simply use an 
automated signal to control a single action. Alternatively, it may 
be very complex yet control only a single function, such as an 
automated lighting system with sensors activating or overrid-
ing scene presets that activate dimmers and switches. Such a 
system is referred to as a stand‐alone (automated) system. 
Interconnecting and supervising several stand‐alone systems 
produces an integrated control system which, when applied to 
building systems, is called a building automation system (BAS).

Standalone control and automation systems serve residences, 
multidwelling buildings, hotels and motels, and schools. They can 
also control lighting systems along with window shades.

Building automation is today economically feasible and 
makes detailed multipoint monitoring and control in real time 
practical. This promotes efficiency, environmental benefits, and 
cost savings. It is becoming increasingly cost effective to retro-
fit building automation systems to existing buildings.

Control wiring supports fire alarms, security, lighting, and 
HVAC control systems. Powerline carrier (PLC) systems are 
used mainly for building control functions. They use line voltage 
cables to carry information signals as well as power.

Intelligent Buildings
According to the Intelligent Buildings Institute 1987 definition, 
an intelligent building is “a building which provides a pro-
ductive and cost‐effective environment through optimization 
of its four basic elements—structure, systems, services, and 
management—and the interrelationships between them…. 
Optimal building intelligence is the matching of solutions to 
occupant needs.” (quoted in Walter T. Grondzik and Alison 
G. Kwok, Mechanical and Electrical Equipment for Buildings 
(12th ed.), Wiley 2015, page 1439)

IntEllIgEnt rESIdEncES
intelligent residences, also called smart or automated 
homes, vary in the amount of automation with which they are 
equipped. The simplest may have a low‐voltage control system 

Table 20.4 inTRuSion DeTeCToRS
Type Description

Simple normally 
closed (NC) contact 
sensors

Transmit alarm signal. Used in closed, 
supervised circuits. Include magnetic 
contacts and spring‐loaded plunger 
contacts for doors and windows, 
window foil, and pressure/tension 
devices.

Mechanical motion 
detectors

Spring‐mounted contact suspended 
inside second contact surface. Motion 
on surface on which device is placed 
produces alarm. Very sensitive, most 
units have sensitivity adjustment.

Photoelectric 
devices

When beam is received, contact in 
receiver is closed. Beam interruption 
causes contact to open, producing 
alarm. Laser or infrared (IR) beams. 
Laser beam signal can make perimeter 
fence.

Passive infrared (PIR) 
presence detector

Lens or mirror concentrates IR 
radiation on sensor. Rapid change in 
IR reading indicates object entering 
or leaving space, triggers alarm. Also 
used as occupancy sensors to turn 
lights off.

Motion detectors Detect changes in frequency of 
signal and initiates alarm if moving 
body reflects signal. Ultrasonic and 
microwave units.

Acoustic detectors Alarm when increase in noise level or 
frequencies (breaking glass, forced 
entry). Can also be occupancy sensors 
for lighting.
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up the heat when the occupant is on their way home. Thermostats 
are now available that can learn users’ preferences and set 
temperatures to reduce heating and cooling bills. Wall clutter is 
reduced when the thermostat is replaced by a dime‐sized disk 
that can be painted over.

lIgHtIng control SyStEmS
Computerized lighting control establishes lighting levels and 
settings, reacts to daylight and occupancy sensors, and pro-
vides window shade control. Conference room control of lights 
and shades can be done through the speaker’s lectern.

EnErgy managEmEnt control SyStEmS
energy management control systems (emCSs) turn off 
equipment that is not in use, optimize HVAC operation, and cycle 
electrical loads to limit overall demand. They can include a secu-
rity monitoring system. An EMCS requires lighting, ventilation, 
and space for raceways.

This brings the final chapter of Building Systems for Interior 
Designers, Third Edition, to a close. Still to come are the Bibliog-
raphy and Index, which are presented to assist you, the reader, 
in finding the information you need.

with time‐based programming using a relatively simple micro-
processor. Others use a touch‐screen computer for control. 
Devices may communicate over dedicated wiring, over a wired 
network, or wirelessly. Today, the user’s telephone can control 
any portion of the system directly.

Residential systems should be laid out early in the design 
process, with consideration of specific ways to monitor and 
reduce energy use. (See Table 20.5) Including an electronic 
systems professional in the design process is a good idea.

Private residential automated systems handle security, fire 
alarm, time functions, lighting, and other equipment. They use 
dedicated wiring, control bus, or PLC signals. A single control 
panel (annunciator) can serve multiple residential systems.

Building controls
Control systems can include occupancy sensors set to respond 
to the occupants’ habits and to sunrise and sunset times. Light 
level sensors respond to daylighting. Wireless battery‐powered 
automatic shades aid both daylighting and security. Pressure 
sensors on stairs can control lighting.

Controls no longer have to be installed in unattractive wall 
boxes. Thermostats and lighting controls are available with 
appealing designs, or can be customized with screen back-
grounds or cover plates that coordinate with the interior design.

Residential HVAC system controls are zoned for the areas 
used most. (See Figure 20.9) They can be equipped with “away” 
and vacation buttons, and respond to remote commands to turn 

Figure 20.9 Residential control system keypad
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Table 20.5 Home auTomaTion SySTem 
ComponenTS
Device Description

Sensors Measure or detect temperature, humidity, 
daylight, motion, etc.

Controllers Computer or dedicated home automation 
controls

Actuators Motorized valves, light switches, motors, etc.

Buses For wired or wireless communication

Interfaces For human‐machine and/or machine‐to‐machine 
interaction running on smartphone or tablet
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nication among design professionals, and has good historical 
information.

Kitchen Planning (2nd ed.) and Bath Planning (2nd ed.), both by 
Julia Beamish, Kathleen Parrott, JoAnn Emmel, and Mary 
Jo Peterson (Wiley and National Kitchen & Bath Association 
[NKBA] 2013), supply guidelines, codes, and standards for 
residential design.

Other books written by Corky Binggeli for interior designers that 
are available from Wiley include:

Interior Graphic Standards (2nd ed.) (Editor‐in‐Chief)

Interior Graphic Standards (2nd student ed.) (Editor‐in‐Chief)

Materials for Interior Environments (2nd ed.)

Interior Design Illustrated (2nd ed.), with Francis D.K. Ching

Interior Graphic Standards Field Guide to Commercial Interiors
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A
A-weighted decibels (dBa), 108, 109, 110
Abraham & Strauss, New York, 263
Absolute zero, 207
Absorbent, absorptive materials, 119, 121–124, 

137
Absorptance, absorptivity, 213
Absorption coefficient, 113, 114, 136
Absorption refrigeration cycle, 264
Accent lighting, 324
Access flooring systems, 74, 393
Access panels, 158, 178, 374
Accessibility and doors, 97, 98, 99, 100
Accessibility, 4, 49
Acclimatization, 210
Acid rain, 149
Acidity or alkalinity, 153
Acoustic applications, 134
Acoustic baffles, 135
Acoustic codes and standards, 115
Acoustic comfort, 44–45
Acoustic construction techniques, 118
Acoustic criteria, 135
Acoustic design 38, 45, 103, 115
Acoustic devices, special, 126
Acoustic energy, reducing, 121
Acoustic feedback, 141
Acoustic fields, 116
Acoustic insulation, 75, 120, 126
Acoustic mass 120, 122, 124
Acoustic materials, 105, 122, 130
Acoustic modeling, 115
Acoustic panels, 116
Acoustic privacy, 140, 145
Acoustic products, 130–134
Acoustic reflections, 116
Acoustic resiliency, 124–125

Acoustic tightness, 124–125
Acoustic tiles, 122, 130, 131
Acoustic wall panels, 133
Acoustic window, 88–89
Acoustical batt insulation, 123
Acoustical consultants, 114–115, 138–139
Acoustical fiber ceiling panels, 132
Acoustical foam, 123
Acoustical plaster, 135
Acoustical sealant, 118, 120, 126
Acoustically transparent surfaces, 130 
Acoustics, 103
Activated charcoal filters, 225
Active and hybrid solar systems, 34, 249
Active solar heating systems, 248, 250
Active solar water systems, 160
ADA Standards for Accessible Design, 49–50, 76, 

78, 81–82, 115, 178, 182, 185, 302
Adobe, 26, 66–67, 217
Aerators, 150, 159, 177, 186
Aerobic treatment unit (ATU), 173
Aerobic, 173, 174
Aerogel, 28
Aggregates, 67
Aging and eye, 320–321
Air barriers, 29
Air chambers, 158
Air change method, 229
Air circulation and ventilation system, 244
Air cleaners, 226, 227
Air conditioning equipment, 262
Air contaminants, 224
Air delivery devices, 270
Air films and spaces, 29, 30
Air filters, 226, 227, 228
Air gap, window, 87
Air handling system, 117

Index

Page references in boldface indicate illustrations.
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Antique bathtubs, 186
Appliance control, 311
Appliance doors, 197
Appliance ground, 304
Appliance heat gain and energy use, 221, 312
Appliances, Internet ready, 391
Appliances, residential 38, 75, 144, 154, 176,  

197–198, 307 
Aquifers, 145
Arab tent, 20
Arches, 57–58
Architectural acoustics defined, 114
Architectural consultants, 114
Architectural lighting, 336–337
Architecture 2030 Challenge, 40
Areas of refuge, 357––360, 358
Argon gas, 87
Artesian wells, 148, 152
Asbestos, 46–47
ASHRAE, 21, 37, 48, 115, 206, 219, 222, 230, 233, 

247, 270, 317
Assembly occupancies, 115, 134, 178, 192,  

351, 354
Assistive listening systems, 115
ASTM International, 48, 115, 361
Atrium, 358–359
Attachment plugs (caps), 302
Attenuation, 110, 111, 116, 119
Attic and roof ventilation, 232, 240
Attic fans, 236
Attics, 23
Attics, 23, 28
Audio equipment, 294
Auditoriums, 112, 117, 134, 138–139, 142
Automated container delivery systems, 389
Automatic door bottom, 97
Automatic fire detection, suppression systems,  

361
Automation, automated, 396
Awning windows, 85–86
Awnings, 21

B
Back-to-back plumbing, 156, 162, 170, 196
Backdrafting, 234
Background noise or sound, 109, 118, 121
Bacteria, 16, 45, 151–153, 158, 165, 171–172, 

224–225, 239, 340

Air handling unit (AHU), 260, 269
Air leakage (AL), 85, 229, 232–233
Air movement, velocity, 205, 207–208, 210,  

214–216
Air return, 131
Air spaces, 30, 218
Air supply ductwork, 269
Air supply rates, 222, 223, 233
Air temperature, 210, 214–216
Air turbulence noise, 117
Air-supported, Air-inflated structures, 69
Airborne, structure-borne sound, 118–119
Aisles and aisle accessways, 354–355
Alarm-initiating device, 367
Alcove bathtub, 190
Algae, 225
All-air HVAC systems, 268
All-water HVAC systems, 268
Allergies, 223
Alternating current (AC), 275–276, 279–281,  

290–291, 378
Alternating tread stairs, 76
Aluminum oxide, 294
Ambient lighting, 315
Ambulatory accessible toilet compartment, 180
American Institute of Architects (AIA), 41
American National Standards Institute (ANSI), 48, 

115, 277
American Society of Interior Designers (ASID), 41
American Society of Mechanical Engineers  

(ASME), 377
American wire gauge (AWG), 295
American Women’s Home (Beecher and Stowe), 197
Americans with Disabilities Act (ADA), 49, 76–77, 

97–99, 102, 180, 187–189, 191, 196–197, 
317, 353–354, 358, 369–370, 378, 380

Ampacity, 295
Amperage, amperes, amps, 278–279
Ampere, Andre, 275
Amplitude, 105
Anaerobic, 166, 171
Angle of incidence, 113, 213
Animals, 16, 45, 313
Annoyance, 109, 118
Annual fuel utilization efficiency (AFUE), 247, 265
Annunciator control panels, 369–370
ANSI/ASHRAE/IES Standards, 21, 37, 50, 226–247, 

340
Antimicrobial, 226
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Braungart, Michael, 37
BREEAM, 40
Brick, 122, 124, 130, 216, 219, 239, 360
Brightness constancy and ratios, 319
Brightness design, 314
Brightness, subjective, 320
British thermal unit (BTU), 208–209, 221
Buckling column, 60
Buffer areas, 18, 117
Building automation systems (BAS), 271, 396
Building codes, 21, 47, 95, 146, 148, 247, 349, 

362, 375
Building commissioning, 271–272
Building Construction Illustrated, 2, 36, 70, 176, 

203–205, 275
Building construction materials, 117, 147
Building controls, 38, 397
Building drain, 166
Building envelope, 19–21, 38, 216–217
Building heating fuels, 248–249
Building inspector, 48
Building integrated PV (BIPV), 285
Building load, 55–56
Building placement and orientation, 12, 17, 32, 205
Building related illness (BRI), 223
Building service hot water, 158
Building setbacks, 15
Building site conditions, 12, 14–15
Building structure, 53, 154, 359
Building types, 352
Building use layers, 14
Building wire, 295
Building zones 35
Buildings Energy Data Book, 249
Built-in cabinetry, 364
Bunsen, Robert, 9
Bus bars, 293
Busway, busduct, cablebus, busbar, 296
Buttresses, 61
BX armored cable, 295, 297

C
Cabinet heaters, 259
Cabinets, 75, 129
Cable structures, 69
Cables, communication, 392–393
Cables, electrical, 285, 295
Calcined, 67

Baffles 95
Balanced ventilation systems, 237
Baluster, balustrade, 77–78
Barrel vault, 59
Baseboard heaters, 253–254, 257, 259
Basement, 55, 133, 169, 226, 240, 245, 259
Bathing, 147, 158, 160, 176, 178, 186
Bathroom design and planning, 194–195
Bathroom types, 195–196
Bathroom ventilation, 224, 226, 237–238
Bathroom, 87, 147, 169–170, 176–178, 241,  

254–255
Bathtub accessibility and safety, 187–188
Bathtub controls, 188
Bathtub materials, 189
Bathtub styles, 189–190
Bathtub, 159, 164, 176– 178, 186–188
Batt, blanket insulation, 30–31
Battery, 279–280, 298
Bay windows, 85
Beam, 56
Bearing walls
Beauty salons, 158
Becquerel, Antoine-Henri, 281
Bedroom, 117–118
Bell Labs, 281
Bessemer process, 68
Beta-cyclodextrin, 225
Bi-level switching, 335
Bidets, 177, 179, 183–184
Bioaerosols, 225
Biological contaminants, 225
Biomass energy 9
Biopower, 283
Blackwater, 172
Blinds, 93
Blower door test, 26–27
Body heat loss, 43–44, 209–210
Body heat production, 209
Body protection, 45
Body temperature, 42
Boilers, 158, 254
Braced frame, 61, 62
Bradley coal mine, Staffordshire, England 10
Branch circuits, 293–294, 200
Branch supply lines, 157
Brass, 218
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Chlorine, chlorination, 151, 153, 171
Cholera, 152, 176
Chromatic, chromaticity, 318, 330
Circuit breakers, 285–286
Circuit protection devices, 285–286
Circuits, 278, 294, 300
Cisterns, 148–149
Cleaning products, 224
Cleanouts, 165–166, 170
Clerestories, 83, 94–95, 327
Climate 4, 12–13, 205
Climate change 4, 10, 143, 148
Clo, 210
Cloaca Maximus, Rome, 165
Closed circuit television (CCTV), 390, 394–395
Closers, doors, 361–362
Clothes dryers, 178, 201, 226, 306
Clothes washer, 151, 155, 158–159, 172, 177–178, 

198, 201, 311
Clothing, 42, 44, 206, 209, 210
Cloud panels and acoustic canopies, 132–133
Coal, 10, 149, 245, 249, 259, 276
Code of Hammurabi, 41
Code officials, 48
Codes and standards, electrical, 48, 276, 281
Codes and standards, elevator and escalator, 377
Codes and standards, fire safety, 231, 350–351, 

364–365 
Codes and standards, lighting, 316–317
Codes and standards, mechanical, 247
Codes and standards, plumbing, 48, 146, 166,  

194, 196
Codes and standards, windows, 84–85, 90
Codes, energy, 21, 85
Codes, IAQ and ventilation, 230
Codes, mechanical, 48, 219
Codes, residential requirements, 299
Codes, stairs, 76
Coefficient of performance (COP), 247, 265
Coffer, 337
Cognitive impairments, 99
Cold climate design, 13, 217, 230, 241
Coliform bacteria, 146
Coliseum, 376
Colonnade, 60
Color and light, 321–322
Color rendering index (CRI), 322
Color temperature, 321, 331
Columns, 59–60, 351, 359

Canada Green Building Council, 40
Canadian Electric Code (CEC), 277
Candela, 319
Candlepower distribution graph, 338
Cantilevers, 59
Carbon dioxide (CO2), 5, 36, 222, 224, 253,  

350, 371
Carbon monoxide (CO), 163, 224, 234, 253, 350
Carpet and pad, 113, 122, 129, 133–134, 218, 

226, 350, 380
Carriages, stair, 80
Carrier, Willis, 263
Casement windows, 85–86, 231
Cast iron stove, 245
Cast iron, 68, 165–166, 216, 258
Cast-in-place concrete, 54, 67
Catalytic combustors, 252
Cavity walls, 65, 125
Ceiling attenuation class (CAC), 136 
Ceiling coves, 380
Ceiling fans, 236
Ceiling height, 230, 244, 348
Ceiling products, 130–133
Ceiling reflectance, 316
Cellular honeycomb shades, 94
Cellulose fiber insulation, 122
Cellulosic materials, 226
Celsius (C), 207–208
Cement, 67
Cementitious wood fiber panel 123
Centers for Disease Control and Prevention,  

348–349
Centerset and center hole faucets, 185–186
Central cleaning systems, 8
Central heating systems, 245, 248
Centralized mechanical equipment, 245
Centralized sewage treatment systems, 174
Ceramic glass, 362
Ceramic stove, 245
Cesspool, 165, 172, 176
Chair lift, 383
Check valve, 157–158
Chernobyl, Ukraine, 10
Chilled beams, 267
Chilled water, 163
Chiller equipment, 163, 267
Chimneys and flues, 231–232, 245, 253, 350
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Construction materials, 38
Construction types, 351
Consumer Product Safety Commission, 22
Contactor, electrical, 305–306
Contaminated water supplies, 151, 158
Continuous dimming, 335
Contrast and adaptation, 319–320
Control and automation equipment, 396
Control systems, HVAC, 271
Control valves, 177 
Convection oven, 200
Convection, 26, 43, 87, 93, 210– 213, 214–217, 

220–221, 245
Convective ventilation, 231
Convectors, 258–259
Convenience receptacles, 294, 300, 304–305
Conveyors, 388
Cooktops, 199, 309
Cooling equipment efficiency ratings, 265
Cooling equipment, 259, 260, 264–265
Cooling loads, 221, 262
Cooling systems, 262, 267
Cooling towers, 148
Copiers, 224
Copper pipes, 156
Corbels, 58
Corner bathtub, 190
Corner block, 66
Cornice lighting, 337
Correlated color temperature (CCT), 321
Corridors, 232
Countertop appliance receptacles, 300–302
Course, masonry, 64
Cove lighting, 336–337
Crack method, 229
Cramer, Stuart W., 263
Crapper, Thomas, 179
Crawl space, 55
Creep, acoustic, 112–113
Creosote, 349
Cross ventilation, 87, 231–232
Cross walls, 61
Cross-connections, plumbing, 168
Cross-linked polyethylene (PEX), 156, 198,  

255–256
Cryptosporidium, 197
Cummings, Alexander, 179
Curtain board, 358–359, 366
Curtain wall, 22, 68, 74

Combined conductors and enclosures, 296
Combustibility, combustible materials, 350, 364
Combustion, 349–350
Comfort range, 209
Comfort ventilation, 231
Commercial lighting applications, 343–344
Commission Internationale de l’Eclairage (CIE), 330
Commodes, 176, 184
Common bond, 66
Common brick, 65
Communications systems, 391–396
Communications, data wiring, cables, 392–393
Compact fluorescent lamps (CFL), 330, 333
Compartmentation, 347, 360–361, 366
Composite walls, 65, 126
Composting toilets, 182
Composting, 175
Compound barriers, 125
Compressed air, 182, 202
Compression, 56, 60
Compressive refrigeration cooling cycle, 264, 266
Compton, Arthur, 328
Computer controls, hot water, 163 
Concealed condensation, 241
Concentrating collectors, 250
Concert halls, 111, 115, 135, 142
Concrete blocks, 66, 124
Concrete masonry units (CMU), 55, 66, 125, 

130, 218
Concrete slabs, 55, 72–73, 169
Concrete stairs, 80
Concrete structures, 67
Concrete, 113, 122, 130, 147, 216, 218–219,  

239, 364
Condensation resistance (CR), 89
Condensation, 156, 181, 226, 240
Conductance, 212
Conduction, 26, 43, 210–212, 215–216, 220–221
Conductor ampacity, 294
Conductor, electrical, 277, 279
Conductors, thermal, 208–209, 212, 218
Conduit, 285, 297
Cone cells, 319–320
Conference rooms, 117, 134–135
Connections to surroundings, 12, 15
Constructed wetland, 173
Construction and demolition (C&D) waste, 38,  

46, 174
Construction assemblies, 117, 361
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Directivity and discrimination, acoustic, 109, 138
Discontinuous construction, 119–120
Diseases, waterborne, 151
Dishwasher, 147, 155, 158–160, 176–177, 198–199, 

234, 239, 301, 310
Disinfection, water, 151
Displacement ventilation, 233
Distortion, 141
Divided lights, 89
Domes, 59, 112
Domestic hot water (DHW), 158, 197
Door and window ventilation, 232
Door frames, 239
Door seals, sweeps 97, 127–128
Door swings, 76, 81, 97–98, 353, 359
Door types and widths, 99, 101, 352
Doors and skylights, performance, 96
Doors and sound transmission, 127–129
Doors, 75, 83, 90, 96–102
Doors, Egyptian tomb paintings, 84
Doors, fire ratings, 361
Doors, noise reduction, 97
Double hung windows, 85–86, 231
Double-studded walls, 75, 126
Downdraft ventilation systems, 235
Downfeed distribution, 155
Downlights, 339
Downspout, 149
Draft stops, 363
Draft, 208–209, 215, 253
Drain stack, 166
Drain, waste, and vent (DWV) system, 154
Drainage fixture unit (DFU), 166
Drainage piping, 166
Drainfield, 173
Draperies, curtains, 21, 31, 93–94, 113, 134, 138, 

214, 224–225, 245, 350, 364–365
Drinking fountains, 178, 196–197
Drip irrigation, 148
Drop-in bathtub, 190–191
Dry bulb temperature, 206
Dry chemical fire suppression, 371
Dry well, 150
Drywall, 75, 226. See also gypsum wallboard
Dual flush toilets, 182
Duct lining, 126–127
Ducts, ductwork, 117, 244, 253, 259, 261
Dugout home, McCook, NE, 13
Dumbwaiters, 388

Curved stairs, 76, 79 
Cycle, 106, 280

D
Damp location lighting, 317
Dampers, 261
Damping, internal, 125
Daylight characteristics, 324–325
Daylight compensation, 341
Daylight factors, 326
Daylight harvesting, 335
Daylighting design, 325–326
Daylighting, 34, 38, 54, 94, 244, 246, 314, 

324–328
Daylighting, fenestration, 326–327
Daylighting, human factors, 325
Dead loads, 55
Dead space, 121
Dead-end corridors, 356–357
Decibels (dB), 107–108–109, 118–120, 124
Decorative lighting fixtures, 340
Deflection, 55
Dehumidifier, dehumidification, 221, 242
Demand heaters. See Tankless water heater
Demand-controlled ventilation, 238
Demolition by hand salvage, 17, 174
Department of Energy (DOE), 147, 161, 316–317
Depressurization, 237
Desiccant cooling, 242, 263
Design for disassembly, 174
Design intents, 35
Design process, 34
Design team 3, 4, 19, 34–35
Design, HVAC, 243–244, 269
Device boxes. See Electrical boxes
Dew point, 27, 181
Diffraction, 111, 115–116 
Diffuse light, 338
Diffusers, air, 261–262
Diffusers, lighting, 334
Diffusion, 111, 138, 324
Dimensional lumber, 56, 72
Dimensional stability, 73, 239
Direct current (DC), 275–276, 279–280–281, 378
Direct expansion (DX) coils, 267
Direct gain systems, 33
Direct solar water heaters, 161
Direct, discomfort glare, 322–323
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Electronic air filter, 225
Electronic equipment protection, 287
Electronic sound systems, 112, 124, 141
Electrons, 277, 279, 281, 318
Electrostatic air cleaners, 227
Elevator accessibility, 378
Elevator cab and hallway panels, signals, 380–381
Elevator cabs and doors, 379–380
Elevator design 377–378
Elevator lobbies, 377, 384
Elevator machines and parts, 379
Elevator noise, 379
Elevator security, 384
Elevator systems, 384
Elevator, 117, 348, 358,
Elster, Johann, 281
Embodied energy 37–38
Emergency communications systems, 394–395
Emergency escape and rescue opening, 353
Emergency exit, 362
Emergency lighting and codes, 299, 342
Emergency power, 367
Emergency systems, electrical, 298–299
Emissivity, 213
Emittance, 213–214
Enclosed offices, 244
Energy and materials 37
Energy conservation, 20–21, 36, 84, 158, 205–

206, 218, 226, 235, 245–247, 262, 292, 311
Energy consumption, 11, 223
Energy definition, 24
Energy efficiency ratio (EER), 247, 265
Energy efficiency, 28, 32, 36, 50, 162
Energy efficiency, lighting, 221
Energy factor (EF), 160
Energy Independence and Security Act, 331
Energy loads, 38
Energy management control systems (EMCS),  

292, 397
Energy Policy Act, 151, 179
Energy recovery ventilator (ERV), 237–238
Energy sources 4, 5
Energy storage system, 246
Energy transfer wheels, 246–247
EnergyGuide label, 161, 307
English bond, 66
Entropy 24
Environmental Issues for Architecture, 145, 

243, 253

Duplex receptacles, 304–305
Dust mites, 224–225
Dyes 7
Dynamic building envelope, 20–21
Dynamic glazing systems, 88–89
Dynamic loads, 55

E
Ear, 107–108, 110
Earth sheltered construction, 217–218, 263
Echoes, 112
Economizers, 246
Edison, Thomas, 275, 313, 328
Educational buildings, 112, 115, 122, 139, 196–197, 

294, 392, 395
Efficacy, lighting, 330
Egress lighting, 342
Eire Station, Jersey City, New Jersey, 387
Ejection lifts, 388
Ejector toilets, 182
Electric circuit, 278
Electric fireplaces, 252
Electric heat, 249
Electric light sources, 329–330
Electric lighting design, 328–329
Electric resistance heating, 248, 253, 257, 259
Electrical closets and spaces, 292
Electrical current, 277–279, 284
Electrical devices, 350
Electrical distribution, 293
Electrical drawings, 288, 289
Electrical equipment ratings, 290
Electrical loads, 292–293, 306–307
Electrical metallic tubing (EMT), 297
Electrical plugs, 304
Electrical power distribution systems, 288–290
Electrical power sources, 279–281
Electrical receptacles, 294, 302, 304–305, 316
Electrical resistance, 279
Electrical safety, fire, shocks, 283, 285, 294
Electrical service equipment, 289
Electrical signal communication system, 288
Electrical system design process, 276, 288
Electrical transmission, 276, 280
Electrical wiring and distribution 294
Electricity, 5, 249, 273, 275, 277
Electromagnetic spectrum, 6, 206, 317–318, 

321, 330
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Feeder circuits, 293
Fenestration, 27, 38, 83, 84, 90–91, 326–327
Ferrous pipes, 156
Fiber optic communications, 391, 393
Fiber optic lighting system, 335–336
Fiberglass mesh shades, 94
Fibrous materials, 122–123
Field, masonry, 64
Fields of vision, 323
Filtration, water, 146
Fin tube radiators and convectors, 258–259
Finish classes and test ratings, 365
Finish materials acoustic, 135
Finishes, interior, 115, 364
Fire alarm systems, 367, 369, 370
Fire alarm, 348, 350, 369, 371
Fire and smoke detectors, 367–368
Fire barriers, 360
Fire bricks, 66
Fire dampers, 261, 363
Fire detection, 348, 367
Fire door assemblies, 101–102, 361
Fire exit hardware, 361–362
Fire extinguishing systems, 348
Fire inspections, 350
Fire marshal, 48
Fire Protection Handbook, 352
Fire protection, 151, 364
Fire rated lighting 316
Fire rated rolling shutters (overhead doors), 102
Fire ratings, 351, 354, 361–362
Fire Resistance Design Manual, 364
Fire resistance, retardance, 364, 
Fire resistant construction, 364
Fire risk, 248
Fire safety design, 348, 381
Fire separation walls, 360–361
Fire stages, 367
Fire stairs, 352
Fire suppression systems, 145, 348–349,  

371, 374
Fire triangle, 349–350
Fire-rated construction and materials, 360, 364
Firefighter communication system, 396
Firefighting ladders, 80, 349
Fireplaces, 216, 230–231, 245, 250–251
Firestops, 363
Firewalls, 351, 360–361, 366
First law of thermodynamics, 24

Environmental Protection Agency (EPA) 5, 37, 146, 
150–151, 153, 174, 177, 182, 198, 223,  
250, 333

Equipment ground, 284–285, 305
Equipment, HVAC, 245, 268–269
Escalator arrangements, 386–387
Escalator components and design, 385–386
Escalator lighting, 386
Escalator safety and fire protection, 386
Escalator, 117, 348, 384–387
Eschericia coli (E. coli), 151, 165
Evaporation, 26, 43, 209–211, 215, 216
Evaporative cooling, 148, 215, 242, 262, 265
Exhaust fans, 224, 226, 237–238
Exhaust systems, 237, 238
Exhibition halls, 142
Existing buildings 1, 17, 28, 72, 75, 115, 178,  

195–198, 272–273
Exit access corridor, 354, 361
Exit access stair, 357
Exit access, 352–354, 356
Exit discharge, 352, 356
Exit doors, 353–355
Exit passageway, 356
Exit signs, 342–343, 356
Exit stairs, 80–81, 352–353, 357–358
Exits, 352–353, 354–356
Exposed ceilings, 71
Exterior doors, 96–97
Exterior noise control 87, 116–117
Exterior shading devices, 92, 93, 149
Exterior walls, 21–22, 240
Extra hazard occupancies, 352

F
Fabric, 122, 130, 216, 364
Facing brick, 65
Fading, 92
Fahrenheit (F), 207–208
Fair Housing Act (FHA), 49, 120, 178
Fan noise, 140
Fan-coil units (FCU), 253, 267, 270–271
Fans and controls, 208, 226, 235–236, 238
Fans, heating and cooling equipment, 259
Farmhouse kitchen sink, 185
Faucets, 147, 150, 155, 158–159, 177, 185–186, 

199
Federal Codes and Regulations, 49
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Fracking, hydraulic fracturing, 10
Framing, 63, 73
Franklin, Benjamin, 275, 347
Free field, 105
Freestanding tub, 188
Freight elevators, 383
French drains, 150
Frequency, acoustic, 106, 109, 111–112, 115–116, 

118, 120–124, 135
Frequency, electrical, 280
Fresh-air inlets, 165, 168, 225, 231
Fuel cells, 38, 283
Fukushima Daiichi, Japan, 10
Full access flooring, 297–298
Fungi, 16, 45, 224, 239
Furnace, 245, 259–260
Furniture layout, 244
Furniture tests, 364–365
Furring, 154
Fuses, 285–286

G
Gable roof, 23
Galvanized steel pipes, 166
Gambrel roof, 23
Garbage disposers, 175, 177, 301
Gas appliances, 163, 230, 239, 309–310
Gas fuels, 9–10, 276
Gas lamp, 314
Gas logs, 251–252
Gas supply and distribution, 163
Gas water heaters, 162
Gas-filled panels, 28
Gaseous discharge lamps, 332
Gate valve, 157, 158
Geitel, Hans, 281
General Services Administration (GSA), 316–317
Generator, electrical, 280
Geoexchange systems, 246
Geothermal energy 8
Giardia, 197
Girders, 70
Glare, 94, 95, 149, 318, 322–324, 336
Glass block, 66, 218, 363
Glass doors, 99
Glass enclosed fireplaces, 251
Glass windows, Egyptian, 83

Fixed glazing, windows, 86–87
Fixture and branch drains, 166
Fixture units, 156
Fixture vent, 167
Fixtures, 154, 176
Flame detector, 368
Flame resistant, 364
Flame retardant chemicals, 364, 366
Flammable materials, 349, 350, 364
Flanking paths, 119–121, 126–127
Flashed bricks, 66
Flat cables, 296–297, 393
Flat plate solar collectors, 250
Flat roof, 23
Flexible metal conduit, 297 
Floating floors, 73–74, 129, 134
Floor construction systems 72
Floor deck, 74
Floor drains, 165, 168–169
Floor finishes, 97, 137
Floor functions, 70–71
Floor/ceiling assemblies, 70–71, 119, 125–126, 

166, 171, 244, 351, 361, 363
Flooring, 122, 133
Floors, radiant heated, 97
Flow restrictor, 155, 159
Fluorescent lamps and fixtures, 327, 329,  

332–333 
Flush valve, 168
Flush-out period, 223, 225
Flutter, 112
Foam insulation, 30
Foaming agents, fire suppression, 371
Focal lighting, 315
Focusing, acoustic, 112
Fogg Lecture Hall, 114
Footcandles (FC), 316, 319, 322
Footings, 54
Forced circulation, water, 163
Forced convection, 212
Forced-air distribution, 260
Forced-air heating systems, 245, 248, 259–260
Form, building 54
Formaldehyde, 225
Fossil fuels 5, 9, 253
Foundation insulation, 29
Foundation, 54–55, 150
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Headers, structural 84
Headroom, stairs, 77, 81
Health, safety, and welfare (HSW), 41
Hearing protection, 109
Hearing, 105, 107
Heat detector, 368
Heat energy, 203, 207, 211
Heat exchangers, 159–160, 246–247, 266
Heat flow, 24, 25–26, 87
Heat gain, 27, 221, 262
Heat islands, 12–13
Heat loss, 26
Heat pipes, 246, 247
Heat pumps, 8, 233, 250, 253, 266–267
Heat recovery ventilation (HRV) system, 237, 246 
Heat sink, 218, 263
Heat transfer, 205, 211, 215
Heat traps, hot water, 159
Heat-strengthened glass, 95
Heating and cooling equipment, 151, 247
Heating and cooling loads, 220–221
Heating and cooling systems, 205
Heating distribution 254
Heating equipment, 253, 350
Heating systems, 247–249
Heating, Cooling, Lighting, Lechner, 222, 288, 

314, 325
Heating, ventilating, air conditioning (HVAC), 24, 86, 

91, 94, 205, 219, 223–229, 233, 244–245, 
247, 253, 267–270, 348, 366–369, 396–397

Heavy timber construction, 54, 56, 64, 74, 360
Helicline, 81
Heliostats and tracking devices, 328
Hertz (Hz), 106–107, 109–110
Hertz, Heinrich, 275
High intensity discharge (HID) lamps, 333
High performance buildings, 39
High performance windows, 89, 91–92
High pressure sodium lamps, 333
High thermal mass cooling, 263
High-efficiency (HE) fireplaces, 251
High-efficiency (HE) washing machine, 201
High-efficiency particulate air filters (HEPA), 46–47, 

226–228
High-rise buildings, 352–353, 366, 370–371, 377
Hip, hipped roof, 23
Historic preservation, 18, 53–54
Hoistway. See Shaft, elevator
Hollow metal doors, frames, 99, 101

Glass, 122, 129–130, 134, 137, 213–214, 218, 
225, 279, 318

Glazing and sound transmission, 88
Glazing materials, 84
Glazing materials, 87–88
Glazing, hazardous locations, 84–85
Glazing, window and vision panels, 32
Global climate change, 36
Globe valves, 157–158
Grab bars, 180–181, 187–188, 191–192
Granite, 65
Graywater, 148, 150, 172
Grease trap, 169–170
Great Chicago Fire, 347
Great Fire, London, 347
Green building design, 36–37
Green Globes, 40
Green roofs, 23–24
Greenfield conduit, 297
Greenhouse ecosystems, 173–174
Greenhouse effect, 10–11
Greenhouse gases 4, 10–11
Greenhouses, 6, 34
Grid frameworks, 62
Grid-connected PV systems, 282
Grilles, 244, 259, 261–262
Groin vault, 59
Ground fault circuit interrupter (GFCI), 276, 283, 

286–287, 299
Ground faults, 286
Grounded plugs, 304
Grounding, 284
Groundwater, 143, 148, 150
Grout, 65
Guards, 77–78, 85
Gutters, 149
Gypsum wallboard, 122, 125–126, 130, 218, 

360, 364

H
Half block, Half-height block, 66
Half-turn stairs, 78–79
Handrails, 77–78, 85, 380
Hard water, 146, 152–153
Hardware, 98, 102
Harmonics, 109
Harrington, John, 179
Hazardous materials, 46
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Illuminance targets, 322
Illuminating Energy Society (IES), 315, 317, 322, 

342
Illumination level, 319
Impact isolation class (IIC), 129–130, 133–134, 140
Impact noise, controlling, 129
Incandescent lamps, 313, 328, 331–332
Incandescent radiation 318
Inclined elevator, 384
Indigenous building, Amazon, Peru 217
Indirect gain systems, 33
Indirect lighting fixtures, 329, 339
Indirect solar water heaters, 161
Individual differences, thermal, 210
Indoor air quality (IAQ), 38, 222–223, 226,  

229–230, 253, 269
Indoor air quality controls 229
Indoor toilets, history, 179
Induction cooktops, 199
Inert gas, 87
Infiltration, 22, 26, 150, 221, 229
Inflammable, 364
Infrared radiation (IR), 7, 11, 21, 87, 194, 214
Insects, 16, 45, 225, 239
Inspections, 195, 285
Instantaneous hot water dispenser, 162
Institute of Electrical and Electronics Engineers 

(IEEE), 342
Insulated cables in raceways, 295
Insulating concrete form (ICF), 55
Insulating materials, 216
Insulating window treatments, 94, 241
Insulation, thermal, 28–29–30–31–32, 231, 240
Insulators, 208–209, 277, 279
Integrated design, 36
Integrated part load value (IPLV), 247
Integrated toilet/bidet systems, 184
Intelligent buildings and residences, 396–397
Intelligent panelboards, 292
Interceptors, 169–170
Intercom system, 392
Intergovernmental Panel on Climate Change (IPCC ), 4
Interior Design Illustrated, 3, 70
Interior doors, 97
Interior finishes, 348, 364
Interior layout, 18, 32
Interior shading devices, 93–94
Interior walls and partitions, 75, 105, 118, 120, 

126

Home listening rooms, 142
Home runs, electrical, 293
Hoods, commercial kitchen, 221, 238
Hopper windows, 85–86 
Horizontal exits, 354–355, 359
Horizontal structural units, 70
Horizontal waste piping, 171
Horyu-ji, Japan 56
Hose bibb, 168–169
Hospital elevators, 384
Hot arid climate design, 13–14, 217, 312
Hot humid climate design, 14, 217, 241, 263
Hot tubs, 147
Hot water circuit arrangements, 255
Hot water conservation, 159
Hot water distribution, 162–163
Hot water energy use, 159
Hot water heating systems, 160–162, 248, 253
Hot water usage, 159
Hot water, 147, 158–160, 221
Hot wire, 284–285, 290
Hotels, motels, 115, 142, 145, 158, 163, 178, 197, 

271, 358, 364, 368, 390, 395–396
House of Tomorrow, Keck, 6
How Buildings Work, 19, 51–53, 83, 164, 313
Howe, George, 263
Human eye and brain, 319–320
Humidifiers, humidification, 240
Humidity, 44, 145, 205, 207–208, 210–211, 239–240
Hydraulic elevators, 381
Hydrocarbons, polynuclear aromatic, 224
Hydrochlorofluorocarbon (HCFC), 11
Hydroelectric power, 8, 283
Hydrofluorocarbon (HFC), 11
Hydrogen chloride, 350
Hydrogen cyanide, 350
Hydrogen sulfide, 151, 350
Hydrogen, 8
Hydrologic cycle, 148
Hydrological, 145
Hydronic pipe systems, 253, 255
Hydropneumatic systems, 155
Hypocaust, Roman, 245
Hypostyle hall, Egyptian, 60

I
ICC International Codes Council 48
Ice dam, 149
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Kitchen history, 197, 308
Kitchen sink, 185
Kitchen ventilation systems, 199–200
Kitchen, residential 147, 170, 174–175, 197–198, 

239, 241
Kitchens, commercial, 222
Kitchens, office, 307–308
Knossos, Minoan, 165, 176
Krypton gas, 87

L
Lagoons, 173
Laminated glass, 88–89, 97
Laminated wood structural elements 56–57
Lamp types and shapes, 331
Lamps, portable, 340
Land reuse, 15
Latent heat, 24, 215, 265
Lateral forces, 23, 61
Lateral stability, 61, 74
Laundry areas, 147, 160, 167, 177, 201–202
Laundry equipment, 117, 140, 172, 201, 311
Lavatory, 150, 160, 165, 167–168, 171–172,  

177–178, 184–185, 196, 287
Lead, 46, 155
Leadership in Energy and Environmental Design 

(LEED), 19, 21, 36, 39, 151, 174, 205, 222, 
231, 316, 324

Leaks, water 147, 150–151, 155
Lecture halls, 111, 114, 116, 134–135, 139, 142
LED ceiling fan, 236
Legionella pneumophila, Legionnaires disease, 160, 

223, 226
Length of travel, 352, 354, 356
Lenses and reflectors, 334–335
Life Safety Code, 353, 364
Light and vision, 317
Light bar, 336
Light emitting diode (LED), 328, 330, 333–334, 

338
Light fixture controls, 334
Light frame construction, 63
Light gauge steel studs, 63, 125
Light hazard occupancies, 352
Light meter, 317–318
Light pipes, 94–96. See Tubular skylights

Interior wiring systems, 295
Intermediate metal conduit (IMC), 297
Internal load dominated buildings, 25, 54, 85
International Building Code (IBC), 76–77, 79, 81, 97, 

178, 354, 356
International Code Council (ICC), 365
International Energy Conservation Code (IECC), 50
International Energy Conservation Code, 21,  

177, 247
International Performance Code for Buildings and 

Facilities (PC), 48
International Plumbing Code (IPC), 146, 172,  

177, 179
International Residential Code (IRC), 50, 76,  

172, 247
International Residential Code (IRC), 50, 77, 84–85, 

91, 177, 180, 191–193, 235, 251, 254, 258, 
301, 316, 350, 353, 365

International symbol of access for hearing loss, 115
Intrusion detection, 395
Intumescent materials, 102, 360, 365
IR heat therapy room, 194
Irrigation, 147–148, 151, 172
Island sinks, 170

J
Jalousie windows, 85–86
Japanese bath, 187
Japanese house, 263
Jason Russel House, 85
Jennings, George (J.G.), 179
Jezreel Valley, Israel, 145
John T. Lyle Center for Regenerative Studies, 37
Joists, 70, 72, 74
Junction boxes, 302–303
Jurisdiction, 48, 170

K
Keck, George Frederick, 6
Kelvin (K), 207, 321
Kiln, 65
Kilowatt hour (kWh), 279
Kitchen and bath design, 143, 145, 195, 391
Kitchen appliance ventilation, 234
Kitchen appliances, 198, 307
Kitchen exhaust and ventilation, 226
Kitchen fire detection, 367
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Low-rise buildings, 352–353, 360
Low-voltage wiring and switching, 298, 306, 391–

392
Lumens, lumen method, 314, 319
Luminaire, 315, 334, 336. See also Lighting fixture
Luminance ratios, 318
Luminous transmittance, 318
Luminous wall panels, 338
Lux, 316, 319

M
Madison Square Garden Theater, 262
Main disconnect switch, 290
Main service panel, electrical, 284, 289
Make-up air, 226, 235, 237
Mansard roof, 23
Manual pull station, 369
Marble, 65
Masonry arch, Shaker, 58
Masonry bond patterns, 65, 66
Masonry construction, 154, 216
Masonry fireplaces and heaters, 251
Masonry heater, 252–253
Masonry openings, 65
Masonry structures, 64
Masonry terms, 65
Masonry wall construction, 30, 64–65
Masonry, 218, 225, 239
Mass and massive materials, 119, 130, 216
Materials and fire protection, 364
Materials handling, 388
Maximum Contamiminant Levels (MCL), 146
Maxwell, James Clerk, 211
Maxwell’s teacup, 211
McDonough, William, 37
Mean radiant temperature (MRT), 28, 32, 206–207, 

214
Means of egress, 347, 352–359
Measuring lighting intensity, 319
Mechanical and Electrical Equipment for Buildings, 

83, 103, 143, 243, 273, 313–314, 374, 390, 
396

Mechanical building systems, 20
Mechanical cooling, 263–264
Mechanical engineering design, 219
Mechanical equipment noise, 15, 109, 114–118, 244
Mechanical equipment rooms, 117
Mechanical heating systems, 253

Light quantity, 322
Light shelves, 94, 149, 326
Light source controls, 335
Light sources, 330
Light steel framing, 63
Light switches, 316
Light transmission, 321–322
Light zones, 340
Light-to-solar-gain (LSG) ratio, 87
Lighting accessibility and safety requirements, 317
Lighting and heat loads, 221, 313
Lighting calculation methods, 314
Lighting control systems, 340, 397
Lighting design, 275, 276, 314–316
Lighting designers, 275, 315, 328–329
Lighting effects, 324
Lighting energy budgets and use, 313, 316–317
Lighting fixture mounting, 316, 339–340
Lighting fixtures, 244, 336–340
Lighting history, 313
Lighting plan, 329
Lighting system distribution, 338–339
Lighting system tuning and maintenance, 341
Lighting track, 297
Lighting units, 319
Lightning, 277–278
Limestone, 65
Limited use/limited application (LU/LA) elevator, 

381–382
Linear metal ceilings, 132
Lintels, 57–58
Liquid natural gas (LNG), 10
Liquified gas, 249
Liquified petroleum gas (LPG), 163
Live loads, 55
Live space, 121
Living Building Challenge, 40
Load centers, 291
Load-bearing walls, 21–22, 61, 74, 351
Load, structural, 53
Local climates, 12
Localized mechanical equipment, 245
Loose-fill insulation, 30
Loudness, 105, 107
Loudspeaker systems, 141
Louvered and undercut doors, 97
Louvers, baffles, eggcrates, 334
Low-emittance (low–e) coatings 92–93
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National Fenestration Rating Council (NFRC), 27, 85, 
89, 91, 95–96

National Fire Protection Association (NFPA), 48, 
102, 247, 299, 317, 342, 345, 347–348,  
350–352, 370–371

National Institute for Occupational Safety and Health 
(NIOSH), 47

National Institute of Science and Technology (NIST), 
317

National Oceanic and Atmospheric Administration 
(NOAA), 11, 278

National Register of Historic Places (NRHP), 53
National Sanitation Foundation (NSF), 156
Natural convection heating units, 258
Natural convection, 207, 212, 214
Natural gas, 9–10, 163, 242, 249, 313
Natural sound reinforcement, 112
Natural ventilation, 22, 38, 116, 230, 246
Net metering, 9, 282–283
Net structure, 69
Net zero buildings 39
Neutral wire, 284, 285, 290, 293
New effective temperature, 206
Newel, 76, 77
NFPA 101 Life Safety Code
Noise barrier, 111, 116
Noise control, 109, 115–117, 121, 137
Noise criteria ratings, 118
Noise reduction coefficient (NRC), 121–122, 131–

133–134, 136, 139
Noise, equipment, 117, 175
Nominal dimensions, 66
Noncombustible, 364
Nonsustainable energy sources, 9
Nontested finishes and retardants, 365–366
Nuclear energy, 10, 276

O
Object color, 321
Observation car, 383
Occupancy classification, 364
Occupancy controls and sensors, 335, 340–341
Occupancy hazard classifications, 351–352
Occupant load and load factor, 81, 357
Occupational Safety and Health Act (OSHA), 49, 

109, 285
Odors, 222, 224–225, 238
Offgas, 225

Mechanical rooms, 244
Mechanical ventilation, 177, 233
Medieval elevator design, 376
Membrane structures, 69
Mercury vapor lamps, 333
Mercury, 333
Metabolism, metabolic rate, 42, 206, 209–210
Metal decking 68–69
Metal halide lamp, 333
Metal structures, 68
Metal, 216, 218–219, 225, 279
Meter, metering, watt/hour, 290–291–292
Microclimates, 12
Microorganisms, 127, 223
Microwave ovens, 200, 234–235, 310
Milam Building, Texas, 263
Mill construction, 64
Mineral fiber, 364
Mirrors, 75
Mixed structural types, 69
Mixing valves, 157
Mohenjo-daro, Indus Valley, 165, 176
Moisture control, 26–27, 222, 239
Mold and mildew, 16, 47, 179, 225–226, 239–240
Molecules, 211–213, 215
Mortar, 65
Movement joints, 65, 239
Movement, 45–46
Moving walks and ramps, 387–388
Mud building, Niger, 217
Multilevel switching, 335
Multiple chemical sensitivity (MCS), 223–224
Multiple-dwelling fire alarms and detectors, 368, 

369–370
Multiple-dwelling security systems, 394–395
Municipal water supply systems, 152
Music and performance spaces, 115, 134, 138
Music, 109, 116

N
Nanometers, 318
National Council of Acoustical Consultants, 141
National Electrical Code (NEC), 276–277, 281, 285, 

287, 289, 292, 294, 296, 299–301, 303–305, 
316–317, 342

National Electrical Manufacturers Association 
(NEMA), 277
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Passive solar water heaters, 160–161
Passive thermal systems, 32, 253
Pearl Street Station, New York, 275–276
Pellet stoves, 249, 252
Pendant fixtures, 339
Penetrations, 127, 361
Perforated metal pans and panels, 131–132, 261
Performance codes, 47
Perimeter heating, 260
PEX. See Cross-linked polyethylene
Photometry, 336
Photons, 281
Photovoltaic (PV) arrays, cells, modules, systems, 

281–282
Photovoltaic power, 5, 7, 38, 281
Physics of light, 318
Piers, 54
Pilaster, 60
Pillars and posts, 60
Pipe chases, 35, 154, 170 
Pipe insulation, 156–157
Pipe sizing, 156
Pipes freezing, 157
Piping, fittings, and accessories, 165–166
Pitched roof, 23
Plank-and-beam, 64
Plans examiner, 48
Plants, 16, 17, 92–93, 150, 228–229, 239–240, 

313
Plaster, 75, 113, 122, 130, 134, 216, 219, 239, 

360, 364
Plastic plumbing pipes, 156, 165–166
Plastics, 147, 218, 225, 350, 380
Platform framing, 63–64
Platform lift, 382–383
Plenum, 71, 126, 131, 137
Plumbing and pipe noise, 117–118, 140, 156
Plumbing construction drawings, 146
Plumbing cores, 170
Plumbing equipment 5, 84, 197
Plumbing fixtures, 145, 150, 153, 177–178
Plumbing pipes, 153, 156
Plumbing, Electricity, Acoustics: Sustainable Design, 

105, 288
Plywood, 130, 218
Pneumatic systems, 389
Pocket doors, 98–99, 101
Point-of-use water heaters, 162
Point-to-point method, 314

Office building communications, security, 392, 395
Office buildings, 225
Office buildings, elevators, 384
Office spaces, acoustics, 122, 135–137, 142
Ohm, Georg, 275
Ohms, 279
Oil, 9, 249, 259, 276
One twenty-eighth (1/28) inch rule, 365
One-half diagonal rule, 355
Open plan offices, 108, 137, 244
Open-web joists, 68
Operable skylight, 95
Operable windows, 85–87, 177, 231
Operative temperature, 207
Optical lighting film (OLF), 336
Ordinary hazard occupancies, 352
Organic light emitting diode (OLED), 334
Oriented strand board (OSB), 72
Otis, Elisha Graves, 385
Outlet box, 302–304
Outlet, electrical. See electrical receptacles
Ovens, 200, 310
Overhangs, 92–93
Overhead, underground electrical service, 289
Oxidation, 349
Oxygen, 45, 222, 349–350, 371
Ozone generators, 225
Ozone, 11, 224

P
Packaged terminal air conditioner (PTAC), 265, 268
Paints, painting, 46, 224–225, 241, 369
Panel filters, 228
Panel resonators, 122, 124
Panelboards, 291–292, 299
Paneling, 122, 135
Panels, access floor, 298
Parabolic reflector, 335
Parallel circuits, 278
Parallel stacked escalators, 387
Parasites, 165
Partition block, 66
Pascals, 107
Passenger elevators, 381
Passive cooling 229–230, 263
Passive house, 40
Passive infrared (PIR) detectors, 394
Passive solar design, 12–13, 32, 38, 92, 249
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Q
Quarter-turn stairs, 78–79

R
R–2000, 40
R-values, 27, 30–31, 87, 90–91, 96
Raceways, 289, 295–296, 393
Rack and pinion elevators, 384
Radiant ceiling panels, 253
Radiant cooling panels, 267
Radiant heating panels, 256
Radiant heating systems, 248, 255
Radiantly heated ceilings or walls, 256
Radiantly heated floors, 253, 255–256
Radiation, radiological, 45
Radiation, thermal, 26, 43, 210–212, 215–217, 

220–221
Radiators, 240, 245, 358
Radon, 151, 224
Rain gardens, 150
Rainwater harvesting, 148–149
Rainwater, 16, 148
Raised floor systems, 269
Rammed earth construction, 66–67
Ramp curbs, guards, handrails, 82, 354
Ramp landings, 81, 354
Ramps, 75, 81–82, 85, 354 
Range hoods, 234–235, 301
Ranges, 176, 199, 234, 306, 309
Rated voltage, 290
RCA Building, New York, 246
Recessed floor and unit heaters, 257
Recessed lighting fixtures, 339
Recirculating hot water pump, 163
Recording studios, 112
Recovery rate, water heater, 160
Recycled water, 171–172
Recycling, 39, 144, 150, 174–175
Reducing, reusing materials 38
Reflectance factor (RF), 318
Reflectance, reflectivity, 213, 318
Reflected glare, 323–324
Reflected sound, 110–111, 135
Reflective surfaces, materials, 32, 91, 130
Refrigerant, 264
Refrigerators and freezers, 200–201, 308, 312
Regenerative design, 37
Registers, supply, 259, 261–262

Polarity, 279
Pole construction, 64
Pollution, 224
Polybrominated diphenyl ethers (PBDE), 366
Polyvinyl chloride, 350
Pools, swimming, 161
Porous materials, 113, 119, 122
Porous pavement, 150
Portable fire extinguishers, 374–375
Portland cement, 65
Post-and-beam, 63–64
Potable water, 16, 143, 145, 149–151
Power definition, 24
Power line carrier (PLC) systems, 298, 391,  

396–397
Power plan, 276, 289
Power, 24
Precast concrete, 60, 67–68, 72
Precipitation, 148–150
Precooling, 262
Prefabricated electrical assemblies, 296
Prefabricated fireplaces, 251
Premise wiring, 393
Prescriptive codes, 47
Presignaling, 370
Pressure assisted flushing system, 181
Pressure-reducing valve, 155
Pressurization, 269, 366
Prestressed concrete, 67
Primary Drinking Water Standards, 146
Primary sewage treatment, 172
Primary water treatment, 153
Principles of heat transfer, 211, 214
Prismatic lens, 334
Prismatic light guides, 336
Privacy partitions, 183
Process waste heat recovery, 246
Propane, 163
Protozoa, 165
Protruding objects, 317
Proximity ventilation system, 200
PSFS Building, Philadelphia, 263
Psychrometry 44
Public emergency reporting systems (PERS), 395
Public Utilities Regulatory Policies Act (PURPA), 276, 

283
Public water supply, 152
Public way, 356
Pumped upfeed distribution, 155
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Roman residence 4
Roman shades, 94
Romex cable, 295
Roof forms, 22–23
Roof insulation, 23
Roof monitor, 83, 94, 96
Roof ponds, 33–34
Roof ventilators, 233
Roof windows, 95, 233
Roof/ceiling assemblies, 351, 361
Room acoustics, sound quality, 114–115, 121 
Room air cleaner, 227–228
Room air temperature, 206, 208
Roughing-in, 157, 195, 308
Rumford fireplaces, 251
Runaround coils, 246
Running bond, 66
Runoff, 149
Rural sewage treatment, 172–174

S
Sabine, Wallace Clement, 114
Safe Drinking Water Act, 153
Safety glazing, 22
Safety glazing, 88, 177, 363
Sandstone, 65
Sanitary piping elements, 165
Sanitary waste systems, 145, 154, 164–165, 170
Saunas, 85, 178, 194
Scale, pipe, 153
Schools. See Educational buildings 
Sconces, 317
Sealing fire doors, 102
Seasonal energy efficiency ratio (SEER), 247, 265
Seat, tub/shower, 187–188, 191–192
Second law of thermodynamics, 24
Secondary Drinking Water Standards, 146
Secondary Maximum Contamination Levels (SMCL), 

146
Secondary sewage treatment, 172
Secondary water treatment, 153
Security equipment, 395
Security systems, applications, 394
Seeberger, Charles, 385
Seismic, 23
Sensible cooling, 242
Sensible heat, 24, 26, 215, 265
Sensitivity, hearing, 107

Reinforced concrete beam, 57
Relative humidity (RH), 206, 210, 215, 239–240
Remote source lighting 335–336
Renewable energy 5, 9
Renovations, 46
Residential buildings, acoustics, 139–140
Residential communications and controls, 391–392, 

397
Residential egress, 353
Residential electrical design and use, 299, 301, 

311–312
Residential elevators, 381–382
Residential Energy Consumption Survey (RECS),  

262
Residential fire alarms and detectors, 368–369
Residential fire causes, 349
Residential lighting applications, 343
Residential occupancies, 178
Residential security systems, 394
Residential solid waste storage, 175
Residential sprinkler systems, 351–352, 373
Residential ventilation, exhaust systems, 233–234
Residential waste piping, 170
Residential water use, 147
Resilient flooring, 125–126, 129–130, 134
Resilient furring channel, 125, 126
Resonance, 109, 112
Restaurant acoustics, 122
Retail lighting, 344
Retail store elevators, 384
Reverberant field, 105
Reverberation time, 110–111, 114, 121, 135
Reverberation, 109–110, 115–116, 124
Revolving doors, 97
Rigid insulation, 30–31
Rigid metal conduit (RMC), 297
Rigid nonmetallic conduit, 297
Rigid steel frames, 68
Rigidity, 120
Riser diagrams, electrical, 276, 288
Risers, treads, nosings, 76–77, 81
Rivoli Theater, New York, 263
Rod cells, 320
Rogers, Isaiah, 145
Roll-in shower, 189, 191–192
Roller shades, 94
Roman arch, 58
Roman bath, England, 156
Roman plumbing, 145
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Slate, 65
Slats and grilles, 132
Sliding doors, 97, 101–102
Sliding windows, 85–86
Smart facades, 22
Smoke control systems, 366
Smoke management, confinement, 347, 366
Smoke, 349–350, 364
Smokeproof enclosures, towers, 357, 366
Smoking, 224, 350
Snow, 149
Snow, John, 152
Sod house, 20
Soil moisture, 150
Soil pipes, 165
Soil stack, 166
Solar array, 250
Solar chimney, 232
Solar collectors, 33, 160
Solar cooling, 263
Solar energy, 5, 6, 242
Solar heat gain coefficient (SHGC), 85, 87, 91
Solar heat gains 90–91
Solar heating, 5, 7, 13, 150, 214
Solar hot air collectors, 250
Solar hot water heaters, 160–161
Solar radiation, 6, 22, 90–92, 206, 213
Solar space heating, 249
Solid conductance, 212
Solid core doors, 99, 120, 128–129
Solid state lighting (SSL), 333
Solid surfacing materials, 239
Solid waste storage, 175
Solid waste systems, 174–175
Sound absorbing materials, 111–113
Sound absorption, 105, 113, 115, 121–122
Sound barriers, 120, 123
Sound basics 105
Sound coloration, 141
Sound control, 97
Sound engineer 115
Sound insulation, 88
Sound isolation, 114, 124
Sound leaks, 119
Sound locks, 97, 127–129
Sound magnitude, 106
Sound masking, 105, 108–109, 135, 137–138
Sound paths, 110, 135
Sound power, 106, 107

Septic system, 164, 172
Septic tanks, 172–173
Series circuit, 278
Service cars, 383
Service cores, 62–63, 170, 246
Service entrance, electrical, 289–290, 293
Service sinks, 185 
Sewage ejector pumps and sumps, 169, 182
Sewage treatment systems, 164–165, 171
Sewer line, 166
Sewers, 164–165, 167
Shades, window, 84, 93, 95
Shading, 17, 32, 38, 91–93
Shaft enclosures, 351, 361
Shear walls 21, 61
Shearing force, 61
Sheathing, 63
Shed roof, 23
Shell structures, 69
Short circuit, 278
Shower codes and safety, 191
Shower controls, 191, 193–194
Shower drains, 191–192
Shower enclosures, 191–193
Showers, 75, 85, 147, 150–151, 159, 164–166, 

172, 177–178, 186, 191
Shutoff valve
Shutters, 14, 31, 83–84, 94
Siamese connection, 372
Sick building syndrome (SBS), 223
Sidelighting, 94, 327
Sidelights, interior fixed, 101
Siding, 63
Signal cabling raceway, 394
Signal systems, 390–391
Single hung windows, 85–86
Single, double, triple glazing, 87, 120, 240
Sinks, 150, 164–165, 176–178, 184–185, 199
Sioux tipi, 20
Site-cast. See Cast-in-place
Site, 14–15, 17, 38
Skara Brae, Scotland, 53
Ski lodge, A–frame, 217
Skin-load dominated buildings, 25, 54, 253
Skin, 42–43, 209–210, 212, 214–215, 218, 225, 

231, 242, 349
Skylighting and Retail Sales, 325
Skylights, 83, 91, 94–95, 327–328
Slab-on-grade. See Floor slab
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Steel framing, 68
Steel stairs, 80
Steel, 68, 147, 218
Stile-and-rail doors, 99, 101
Stone beams and column, 57
Stone masonry, 65
Stone, 65, 130, 216, 219, 239
Storage tank water heaters, 161
Storm drains, 164
Storm sewers, 148, 150, 164
Storm water management, 23, 145, 150
Storm windows, 85–87, 89–90
Straight run stair, 78
Stratification, 208, 214
Stratosphere Tower, Las Vegas, 358
Stretcher block, 66
Stringers, stair, 76, 80
Structural design issues, 84, 351
Structural frames, 68, 74
Structural grid, 62
Structural insulated panel (SIP), 28, 55 
Structural load, 23, 54
Structural steel forms, 68
Structural system, 53–54, 171
Structural types, 63
Stud walls, 25, 74–75
Subflooring, 72
Sulfur dioxide, 350
Sun pipes. See Tubular skylights
Sun-dried bricks, 66
Sun’s path, 6, 7
Sunlight, 84, 95, 207, 213
Sunspace, 34, 214
Superinsulation, 32
Superstructure, 54
Superwindows, 92
Supply pipes, 155
Supply ventilation systems, 237
Surface sliding (barn) doors, 99
Surface water, 149
Surge protector, suppression, 287, 305
Suspended ceiling grids, 131, 244
Suspended ceilings systems, 125–126, 129, 244, 

269
Sustainable design, 1, 4, 19, 36, 38–40
Swales, vegetated, 150
Switchback stairs, 76
Switchboards and switchgear, 289, 291
Switches, 302, 305–306

Sound propagation, 105
Sound reflection, 105, 115
Sound reinforcement system, 112, 141
Sound sources, 109
Sound systems, 114, 141–142
Sound transmission class (STC), 120, 126, 

128–129, 133, 136, 140
Sound transmission, 75, 105, 118, 120, 126
Sound waves, 105, 106
Spa areas, 238
Space heaters, 257
Spalling, 239
Span, 56
Sparkle, 315, 324
Specially tempered glass, 362
Specific heat, 215
Specific humidity, 239
Specular reflection, 116, 318
Speech privacy potential (SPP), 136
Speech privacy, 121, 135–136
Speech, 108–109, 116
Spiral crisscross escalators, 386
Spiral stairs, 76, 79–80
Sprinkler clearances, 371
Sprinkler heads and types, 348, 372–373
Sprinkler systems, 359, 364, 371–372
Squat toilet, 181–182
Stack effect, 229, 231, 371
Stack vent, 166
Stack, 166
Stacked bond, 66
Staggered stud walls, 75, 120, 125
Stainless steel, 380
Stair framing, 78
Stairs, 46, 75–76–78, 85
Stairway, area of refuge, 358
Stand-alone (automated) system, 396
Stand-alone PV systems, 281–282
Standards, 48
Standing water, 226
Standing waves, 112
Standpipes and hoses, 374
Static electricity, 278
Static loads, 55
Steam heating, 245, 253–254
Steam pipes, 221
Steam rooms, 178, 194
Steel beams and columns, 57, 74, 359–360
Steel floor systems, 73
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Thermal resistance, 24, 31, 212, 218–219
Thermal shades, 21, 94
Thermal storage walls, 33
Thermodynamics, 24
Thermoelectric power, 147
Thermometer, 215
Thermosiphon, 162
Thermostat, 244, 260, 271
Three Mile Island, 10
Three-prong, two-prong plugs, 285
Threshold of pain, 108
Through-penetration. See Penetrations
Tilt-up construction, 67
Tinted glazing, 88
Toe kick heater, 254, 258
Toilet compartments, 180
Toilet room accessibility, 196
Toilet room design, 196
Toilet room lighting, 344
Toilet rooms, 139, 171, 178–179, 181, 185, 238
Toilet seat, 179, 181, 196
Toilets, 147–149, 151, 164–166, 168, 172, 176–177, 

238
Toplighting, 83, 94–95, 327
Touch and heat conduction, 209–210
Touchless toilet, 181
Towel bar, warmer, 239, 256
Toxic chemicals and gases, 223, 225, 350
Toxicity Characteristic Leaching Procedure (TCLP), 

333
Track mounted fixtures, 339
Traction (electric) elevators, 381
Transfer showers, 191
Transformers, 280, 290–291
Transmission factor, 318
Transmission loss (TL), 120
Transmission loss (TL), 124
Transmission, transmittance, 213
Transoms, 83, 87, 101
Traps, plumbing, 156, 164, 166–167, 170
Trash compactors, 175
Treehouse, New Guinea, 14
Trellis, 17
Trenches with access plates, 178
Trombe wall systems, 33
Truss, 57
Tubs, 165, 172, 186–187. See also Bathtubs
Tubular skylights, 95–96
Tungsten-halogen lamps, 332

T

2010 Lead Renovation, Repair, and Painting Rule, 46
2012 National Green Building Standard, 37, 40
Tankless toilets, 181
Tankless water heaters, 150, 161–162
Taos Pueblo, New Mexico, 14
Task analysis, 329, 336
Task and focal lighting, 315
Telecommunications, 394
Television, 393
Temperate climate design, 13, 263
Temperature scales and designations, 206–207
Temperatures, hot water, 159–160
Tempered glass, 88, 95, 97
Tensile, tension, 55
Tent structure, 69
Terminal delivery devices, 270
Termites, 17
Terracotta pipes, Knossos, 145
Terrazzo, 130
Textiles, 113, 153
The Brundtland Report, 36
The Building Environment: Control Systems, 114, 

347
The Four Books of Architecture, 6
The Ten Books on Architecture, 6, 17, 114
The Theory of Heat, 211
Theaters, 111, 115, 117, 134, 142
Thermaformed acrylic tub liners, 191
Thermal bridge, 25
Thermal buoyancy, 232
Thermal capacity, 25, 216, 219
Thermal comfort zones, 220
Thermal comfort, 42, 203, 205–206, 239, 253, 

269
Thermal conductivity, transmission, 90, 210, 218
Thermal discomfort, 207
Thermal energy, 24, 208, 211
Thermal equilibrium, 41–42, 211
Thermal feel, 218
Thermal gradient, 240
Thermal insulation, 206
Thermal intensity, 208
Thermal lag, 12, 26, 216, 221
Thermal load, 219
Thermal mass, 26, 33, 216–217, 348
Thermal performance, 28
Thermal radiation, 206–207, 213
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Vertical supports, 59
Vestibules, 17, 96–97–98, 229, 259, 356, 358, 366
Vibration, 109–110, 117
Vinyl, 224, 241
Viruses, 45, 165, 225
Visible transmittance (VT), 85, 87–89, 318
Vision, 319
Visual acuity, 320
Visual comfort 44, 318
Visual tasks, 319
Vitreous china, 167, 239
Voice alarm communication system, 370
Volatile organic compound (VOC), 224–225
Volt, 278
Volta, Alessandro, 275
Voltage, volt, 278–279
Volume resonators, 122, 124
Volume, 105

W
Wall lighting, 329
Wall openings, 75
Wall plates, 302
Wall plugs, electrical, 304
Wall systems, 74
Wallwashers, 339
Warm-air heating systems, 240, 259
Washstand, 184
Waste and vent piping networks, 144
Waste drains, 164–165
Waste piping, 165, 170
Waste removal, 45
Waste stack, 165–166, 168
Wastewater, 150, 171
Water and fire suppression, 371, 373–374
Water and sewage treatment, 150, 171
Water and site, 16
Water characteristics, 153
Water closet (WC), 165, 167–168, 177, 179. See 

also Toilet
Water closet operation, 181
Water conservation, 38, 150, 182
Water cooler, 163
Water curtain, 359, 366
Water distribution systems, 144, 151, 153, 155
Water efficiency standards, 151
Water filtration, 153
Water grades, 172

Turbidity, water, 146, 153
Twisting forces, 62
Twyford, Thomas, 179

U
U-factors, 27, 85, 87, 89, 91, 95–96
UL, 49, 277–278, 350
Ultraviolet (UV), 6–7, 11, 23, 92, 213, 226
UN Department of Economic and Social Affairs, 36
Underfloor air distribution (UFAD), 269, 273, 289, 

298
Underlayment, 73, 126
Unfired earth constructions, 66
Uninterruptable power supply (UPS), 287
Unisex toilet room, 196
Unit air conditioner, 265–266
Unit heaters, 259–260
United Nations Human Development Report, 165
Universal design, 178, 197, 305
Universal Waste Rule, 333 
Updraft ventilation systems, 235
Upfeed distribution, 155
Upholstery 113–114, 134, 218, 224–225, 364
Urinals, 165, 167–168, 172, 178–179, 182–183
US Clean Air Act of 1990, 11
US Energy Information Administration, 313
US Green Building Council (USGBC), 21, 36

V
Vacuum breakers, 158, 168
Valance lighting, 337–338
Valves, plumbing, 157–158
Vampire loads, 307
Vapor pressure, 28
Vapor retarder, barrier, 28, 241
Varnish, 225
Vaults 3, 59, 112, 324
Veiling reflection, 323–324
Venetian blinds, 21–22, 31, 94–95, 134
Ventilation air, preheating, 233
Ventilation hatches, 366–367
Ventilation, 26, 87, 220–221, 225, 229–230
Vents and vent stacks, 167–168, 170, 178
Vernacular house, Danish, 217
Versailles, France, 176
Vertical exit, 354
Vertical openings, shafts, 358, 361, 366
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Window frames, 89–90, 91, 239
Window height, 85, 87, 95, 327
Window orientations, 85, 87–88, 116
Window performance, 85
Window screens, 89–90, 231
Window treatments, 32, 84, 134, 241, 364
Window, insulated, 255
Windows and Classrooms, 325
Windows and sound transmission, 129
Windows, 75, 83–85, 90–91, 206, 220, 231, 348, 

362. See also individual window types
Wire management, 393
Wired glass, 95, 97, 361–362
Wireless systems, 271, 273, 299, 391–392, 397
Wiring devices, 302–303
Wiring on ceiling, 393
Wiring sizing, 294–295
Wolverton, B.C, 228–229
Wood, 218, 249–250
Wood beams, 57
Wood doors, 99
Wood finishes, 380
Wood floor systems, 72
Wood frame construction, 72
Wood paneling, 380
Wood stairs, 80
Wood veneers, 364
Wood-burning stove, 250–252, 348–349
Work centers and aisles, 197
Workstation delivery devices, 270
World Trade Center, New York, 345
World’s Columbian Exposition, Chicago, 387
Worship spaces, 111, 117, 135
Wrought iron, 68
Wythe, 64

X
Xeriscaping, 149

Z
Zeroth law of thermodynamics, 24–25
Zonal cavity calculations, 314
Zones, HVAC, 220, 228

Water hammer117–118, 158
Water main, 151–152
Water meter, 145, 152
Water movement, 239
Water pollution, 153
Water pressure, 154–155–156, 239
Water pump, 151
Water quality treatments, 45, 152–153
Water resources, 146–147, 145, 148
Water restrictors, 150
Water shut off, 152, 154
Water softening, 151, 153
Water sources and use, 146
Water supply system, 151, 153–154
Water table, 150
Water testing, 146
Water treatment systems, 151, 164
Water use, 147–148 
Water vapor, 27–28, 215
Waterless urinals, 183
Waterproofing, 348
WaterSense, 151, 177
Watt, James, 279
Watts per square foot, 316
Watts, acoustical, 106–107
Watts, electrical, 278–279
Wavelength, wave forms 106, 111, 116
Weatherstripping, 91, 97, 117, 126, 229
Wells, 146, 151–152
Westinghouse, George, 275
Wet columns, 171
Wheelchair lifts, 382–383
Wheelchair, 81–82, 180, 187, 191, 196, 198
Whirlpool tubs, 190
Whispering gallery, 113
Whole house fans, 234, 236
Whole-house ventilation system, 238
Willis, George, 263
Wind patterns and loads 15–16, 229–231
Wind power, 7, 283
Wind scoops, towers, 263
Wind turbines, 7–8
Winders, winding stairs, 76, 79
Window fans, 236
Window films, 92
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