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Foreword

No one doubts the need to reduce energy consumption in buildings but at the same
time ensuring they are healthy for their occupiers. The passive features such as
mass, orientation, building form are well-known natural means of controlling the
internal thermal conditions. But materials and the ways they are chosen and
arranged are vital for low-energy building design. Innovation however can enable
materials whether new or traditional ones to perform more effectively in respect of
energy consumption and this is the essence of this book. Today, we see on the one
hand architects using simple materials such as straw bales, hemp, rammed earth,
wood and bamboo but on the other hand others are exploring ways of using
materials like titanium, digital embedded structures and nature-inspired biomimetic
materials. As insulation improves, operational energy decreases and this means
embodied energy is playing an increasing important role in the energy equation too.

This book in 17 chapters reveals the current state of knowledge about nano-
materials and their use in buildings ranging from glazing, vacuum insulation to
PCM composites. More recent applications of organic photovoltaics,
photo-bioreactors, bioplastics and foams make this book an exciting read whilst
also providing copious references to current research and applications for those
wanting to pursue future possibilities.

Recent buildings such as the Cybertecture Egg office building in Mumbai by
James Law with Ove Arup; the Bio-Intelligent Quotient (BIQ) building in Hamburg
by Arup and Splitterwerk and the Edge Building by Deloitte with OVG in
Amsterdam are all affecting our thinking about architecture and building in terms of
materials, sensing systems and use of innovative technology.

The Cybertecture Egg has an intelligent glass facade with variable fritting,
shading and tinting, but furthermore it introduces the concept of cybertecture which
uses intangible materials of technology, multimedia, intelligence and interactivity.
Nanomaterials are part of this story. The facade is not just a climatic moderator but
also becomes a communication channel by embedding sensors into materials, and
this sees the emergence of interactive facades not just with the climate but also with
people. The Edge building has many sensors monitoring the building performance
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as well as—Ilike in the Mumbai building—the health of the users (the data of which
are protected). The BIQ building has a facade which has bioreactors built in, and
algae is grown in them which is harvested for bio fuel whilst also shading the
building, and two chapters in this book describe about research in this area.

Nanomaterials can strengthen steel and concrete, make surfaces self-cleaning,
make materials fire resistant, detect structural fissures, improve efficiency of solar
panels and improve the insulating properties of materials. One example is titanium
dioxide particle coatings that when exposed to ultraviolet light can generate reactive
molecules which prevent bacterial films forming on surfaces. Various chapters in
the book show how nanomaterials improve the insulation of construction with
thermal insulation values some 40 times better than traditional fibreglass materials.

There is a need for this book to guide practitioners and researchers through the
maze of development taking place in nanomaterials. The distinguished editors have
gathered an international team of authors working at the forefront of knowledge in
this field and readers will find their knowledge much enriched by what they
describe. The chapters also indicate an exciting pathway into the future.

Derek Clements-Croome
Professor Emeritus in Architectural Engineering
University of Reading
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Chapter 1
Introduction to Nano- and Biotech-Based
Materials for Energy Building Efficiency

F. Pacheco Torgal

Abstract This chapter starts with an overview of the unsustainable energy con-
sumption which is due to fast population growth and related greenhouse gas
emissions. The case of energy efficiency building is introduced. A short analysis of
the ambitious European nearly zero-energy building (NZEB) target is presented.
Shortcomings of current materials concerning energy building efficiency are
reviewed. Examples of promising nano- and biotech-based materials for energy
building efficiency are briefly covered. A book outline is presented.

1.1 The Paramount Challenge of Sustainable Energy
Consumption

The rise in energy consumption is directly related to the increase in world popu-
lation (Fig. 1.1). Since each day there are now about 200,000 new inhabitants on
planet Earth (WHO 2014), this means that the increase in electricity demand will
continue (King et al. 2015). It is also expected that the annual electricity con-
sumption per capita (Fig. 1.2) in low- and middle-income countries will rise as a
consequence of future higher income and related higher comfort standards (World
Bank 2014). This means increased pressure in electricity demand. It is then no
surprise to see that the world net electrical consumption will increase from
20.1 trillion kWh in 2010 to 25.5 trillion kWh by 2020 and 35.2 trillion kWh by
2035 (WEO 2013). Unfortunately, only 21 % of world electricity generation was
from renewable energy in 2011 with a projection for nearly 25 % in 2040 (WEO
2013). Also, recent studies (Hadian and Madani 2015) using a stochastic
multi-criteria analysis framework to estimate the relative aggregate footprint scores
of energy sources under three different sustainability criteria (carbon, water and
land footprint) and cost of energy production showed that some of the renewable
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Fig. 1.1 World energy World Energy Consumption
consumption in the past 50
150 years (Amouroux et al. 12

2014) World
population

Billion of people

40

?

Y
T

30

Gre

20 -

1850 1900 1950 2000 2050 2100

Fig. 1.2 Annual electricity b Sibas Afien

consumption per capita
South Asia

Midle East and North
Africa

Latin America and

Carnibbean

East Asia and Pacific

Europe and Central
Asia

World average

China

High mcome countries
average

1] 2000 4000 G000 8000 10000

kWh/per capita/year

energy sources (hydropower and solar PV) are not as “green” as perceived based on
the current state of the energy production methods/technologies. And some
renewable energy sources such as biofuel and ethanol are even worse than the fossil
fuels such as natural gas.

As a consequence in the next decades, the majority of electric energy will
continue to be generated from the combustion of fossil fuels such as coal, oil and
gas releasing not only carbon dioxide but also methane and nitrous oxide. It is
worth remember that China is largest energy consumer in the world (10.3 billion
tonnes of CO,, 29 % of world emissions) (JCR 2014) and that Chinese coal plants
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are responsible for 80 % of electricity generation (Shealy and Dorian 2009),
meaning that its electric production will continue to be associated with high CO,
emissions. However, it is also important to recognize that China has just a
7.4 tonnes per capita CO, emissions level, while Australia, USA and Brazil (the top
3 per capita emitters) are responsible for 16.9, 16.6 and 16.6 tonnes pf CO, per
capita, respectively (JCR 2014). As the source of two-thirds of global greenhouse
gas emissions, the energy sector is therefore pivotal in determining whether or not
climate change goals are achieved. Climate change is one of the most important
problems faced by the Human being, which is associated with the rise in the sea
level, ocean acidification, heavy rain, heat waves and extreme atmospheric events,
environment deterioration and wildlife extinction, health problems and infrastruc-
ture damage (Williams et al. 2012; IPCC 2014). Tackling climate change will
therefore require strong efforts aimed at curbing greenhouse gas emissions from the
energy sector. Energy efficiency is very important for this context because effi-
ciency improvements show the greatest potential of any single strategy to abate
global GHG emissions from the energy sector (IEA 2013).

1.2 Energy Efficiency Building

The building sector is responsible for high energy consumption, and its global
demand is expected to grow in the next decades. Between 2010 and 2050, the
global heating and cooling needs are expected to increase by 79 % in residential
buildings and 84 % in commercial buildings (Urge-Vorsatz et al. 2015).

Energy efficiency measures are therefore crucial to reduce GHG emissions of the
building sector. Recent estimates (Urge-Vorsatz and Novikov 2008; UNFCCC
2013) state that energy efficiency concerning buildings’ heating and cooling needs
could allow a reduction between 2 and 3.2 GtCO,e per year in 2020. Other esti-
mates mentioned a potential reduction of around 5.4-6.7 GtCO,e per year in 2030
(UNEP 2013). In order to achieve such reductions, the implementation of building
codes associated with the high energy performance must be seen as a top priority. In
the last decade, several high energy performance building concepts have been
proposed, from low-energy building through passive building and zero-energy
building to positive energy building and even autonomous building (Thiers and
Peuportier 2012). For the Building Technologies Programme of the US Department
of Energy (DOE), the strategic goal is to achieve marketable zero energy homes in
2020 and commercial zero energy buildings in 2025. However, commercial defi-
nitions maybe tainted by biased view, allowing for energy-inefficient buildings to
achieve the status of zero energy thanks to oversized PV systems (Sartori 2012).
Rules and definitions for near zero-energy buildings or even zero-energy buildings
are still subject to the discussion at the international level (Dall’O et al. 2013).
Some authors (Adhkari 2012) use ZEB as “net zero-energy buildings” and NZEB
as “nearly zero-energy buildings”. “Net” refers to a balance between energy taken
from and supplied back to the energy grids over a period of time. Therefore,
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Net ZEB refers to the buildings with a zero balance, and the NZEB concept applies
to buildings with a negative balance.

The European Energy Performance of Buildings Directive 2002/91/EC (EPBD)
has been recast in the form of the 2010/31/EU by the European Parliament on 19 May
2010. One of the new aspects of the EPBD is the introduction of the concept of nearly
zero-energy building (NZEB). Of all the new aspects set out by the new directive, the
NZEB target is the one that European countries have more difficulty to enforce
Member states. The article 9 of the European Directive establishes that, by the 31
December 2020, all new constructions have to be NZEBs; for new public buildings,
the deadline is even sooner—the end of 2018. Unfortunately, the status of the EPBD
implementation in EU countries is disappointing because so far only a minority of
countries have transpose the EPBD into their national laws (Antinucci 2014).

Be there as it may, new buildings have limited impacts on overall energy
reduction as they represent just a tiny fraction of the existent building stock (Xing
et al. 2011). Also, it is estimated that in Europe, only 1 % of the continent’s
building stock in any given year is newly built. Existing buildings constitute,
therefore, the greatest opportunity for energy efficiency improvements. Besides,
new homes use four to eight times more resources than an equivalent refurbishment
(Power 2008), which constitutes an extra and sustainable argument in favour of
building refurbishment. Building energy efficiency refurbishment is also crucial to
address an important social problem, energy poverty. This problem affects between
1.3 billion and 2.6 billion people from underdeveloped regions of the world.
Between 50 and 125 million people in Europe alone suffer from energy poverty
(Atanasiou et al. 2014). This has important health consequences for children and
older people leading to an increase in medical costs. Infants, living in energy-poor
homes, are associated with a 30 % greater risk of admission to hospital. Indoor cold
is also highly correlated with premature mortality. Between 30 and 50 % of excess
winter mortality is attributed specifically to energy-inefficient housing conditions.
Besides, direct financial help to low-income households or the use of energy
subsidies can only address this problem in a partial manner without solving it in a
long term, while the funding of building energy efficiency refurbishment works is
also able to generate value-added and economic growth (Atanasiou et al. 2014).

Its important to mention that EPBD recast does not cover existent buildings;
however, the Energy Efficiency Directive (2012/27/EU) approved by the European
Parliament on 25 October 2012 that each Member states had have to transpose into
national laws until 5 June 2014 addresses the energy efficiency refurbishment of
existent buildings (Articles 4 and 5). According to Article 4, Member states will
have to define establish a long-term strategy for mobilising investment in the
renovation of the national stock of residential and commercial buildings, both
public and private. As to Article 5 content it requires that each Member state shall
ensure that, as from 1 January 2014, 3 % of the total floor area of heated and/or
cooled buildings...is renovated each year to meet at least the minimum energy
performance requirements. Also according to the Article 4 of the EED, the first
version of the building renovation strategy was to be published by 30 April 2014.
However, the report published in November 2014 revealed that only 10 renovation
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strategy plans were submitted (BPIE 2014). Of those only the strategies of four
(Czech Republic, Romania, Spain and UK) were considered acceptable because
they met the basic requirements set by Article 4. The strategies of France, Germany
and Brussels capital region needed to be corrected and resubmitted. The strategies
of three countries (Austria, Denmark and the Netherlands) were rejected because
they do not fulfil the basic requirements of Article 4. In January 2015, an addendum
was published (BPIE 2015), showing that only the renovation strategy of Austria
remain rejected although his compliance level increased from 28 to 40 % and also
that the overall compliance level increased from 58 to 63 %. This means that much
more effort must be put in the building energy efficiency refurbishment agenda. The
scientific community has some responsibilities in this situation because a recent
study on energy-efficient renovation peer-reviewed articles (Friege et al. 2014)
concluded that the literature “lacks a deep understanding of the uncertainties sur-
rounding economic aspects and non-economic factors driving renovation decisions
of homeowners”. Of course, this gap does not help the building renovation deci-
sions nor political decisions that could boost the investments on this field. Pikas
et al. (2015) recently found that in all 17 jobs per 1 million euro of investment in
building renovation had been generated per year. These authors also found that
32 % tax revenue would be excepted from renovation-related activities, meaning
that an official 32 % governmental investment would be economically neutral. This
study confirms the predictions of Oliver Rapf, executive director, BPIE when he
said that ...renovation of buildings to high energy performance standards could be
one of the most cost effective investments a nation can make, given the benefits in
terms of job creation, quality of life, economic stimulus, climate change mitigation
and energy security that such investments deliver (Pikas 2015).

1.3 Shortcomings of Current Materials and Promising
Nano- and Biotech-Based Investigations Concerning
Energy Building Efficiency

New building envelope materials and technologies are needed to increase energy
efficiency and energy savings at much lower cost than is possible today (IEA 2013),
and some of the technologies needed for the retrofitting of the EU’s building stock
are already available in the market. However, their diffusion varies across Member
states due to a lack of market actors’ awareness about the savings potential of the
best available technologies (JCR 2015).

Probably, the most-known limitation of current materials concerning energy
building efficiency has to do with the “low” performance of current thermal insu-
lators. The urgent need to reduce building energy consumption led to a steady
increase in the thickness of thermal insulation materials over the years. In some
countries of northern Europe, the insulation thickness has almost doubled (Fig. 1.3).
This limitation has important economic and technical consequences. Such high
thickness means less available internal space in existent buildings as well as an
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Fig. 1.3 Evolution of thermal insulation thicknesses in several European countries: above in walls
and below in roofs (Papadopoulos 2005)

increase in insulation costs. The development of high-performance thermal insu-
lator materials (with low thickness) has thus become a technical and scientific
challenge that justified and still justifies new investigations.

Another important issue concerning current building materials and energy effi-
ciency has to do with the fact that there is a limit beyond which no further
reductions on energy consumption can be achieved within the EPBD framework. In
that context, the use of building materials with lower embodied energy becomes a
priority area. The energy embodied in construction and building materials (em-
bodied energy) covers the energy consumed during its service life. There are,
however, different approaches to this definition, namely the energy consumed from
the extraction of raw materials to the factory gate (cradle to gate), from extraction to
site works (cradle to site) or from extraction to the demolition and disposal (cradle
to grave). Berge (2009) considers embodied energy as only the energy needed to
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bring the material or product to the factory gate (first case), and the transport energy
and the energy related to the work execution as being both included in the con-
struction phase of the building. According to this author, the embodied energy
represents 85-95 % of the material total energy (the remaining 5-15 % being
related to the construction, maintenance and demolition of the building). As to the
third case, the embodied energy includes all energy consumption phases from the
production at the cradle. As to the transport energy, it depends on the mode of
transport: sea, air, road or rail. In recent decades, the operational energy in buildings
(lighting, heating, cooling, etc.) was accepted as being the major contributor, while
the embodied energy was found to represent only a small fraction (10-15 %).
Consequently, much effort has been made towards the reduction of operational
energy by increasing the energy efficiency of buildings. However, as operational
energy is reduced, the percentage of the embodied energy in the total energy
consumption of the buildings becomes increasingly prevalent. Some authors
(Sandrolini and Franzoni 2010) recognized that energy savings by means of more
efficient thermal insulation (as well as increasing renewable energy use) is an
insufficient approach further suggesting the inclusion of embodied energy as an
important parameter for sustainable construction.

Szalay (2007) even suggested that the EPBD recast could include requirements
of embodied energy. Unfortunately that was not the case. Instead, the European
strategy decided to addresses the overall environmental impact of construction and
building materials (energy consumption included) in the new Construction Products
Regulation—CPR (Directive (EU) 305/2011) which is in effect since 1 July 2013
replacing the Directive 89/106/EEC, already amended by Directive 1993/68/EEC,
known as the Construction Products Directive (CPD).

Pacheco-Torgal et al. (2013a, b) studied a 97 apartment-type building, con-
cerning both the embodied energy as well as the operational energy. The results
show that the embodied energy in reinforced concrete (concrete plus steel) repre-
sents 70 % of the total; therefore, high energy reductions can only occur by low-
ering the energy in this material. The operational energy was found to signify an
average of 187.2 MJ/m*/yr and the embodied energy accounting for approx.
2372 MJ/m? and representing just 25.3 % of the former. If the buildings were in the
AA + energy class, this would mean that the embodied energy could be as much as
400 % of the operational energy for a service life of 50 years. A recent review by
Cabeza et al. (2013) highlights the research efforts to develop new materials with
less embodied energy, which are crucial to the energy building efficiency agenda.

Also important although not directly related to building energy efficiency is the
fact that most thermal insulation materials are associated with negative environ-
mental impacts in terms of toxicity. Polystyrene, for example, contains antioxidant
additives and ignition retardants; additionally, its production involves the genera-
tion of benzene and chlorofluorocarbons. Polyethylene is obtained from the poly-
merization of ethylene, containing 0.5 % of additives such as phenol-based
antioxidants, UV stabilizers and dyes, including aluminium, magnesium hydroxide
and chloroparaffin as ignition retardants. Polypropylene is obtained from the
polymerization of propylene with additives similar to those used in polyethylene.
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Polyurethane is obtained from isocyanates, which are widely known for their tragic
association with the Bhopal disaster (Pacheco-Torgal et al. 2012). This substance is
highly toxic (Marczynski et al. 1992; Baur et al. 1994), and there are multiple
records of serious health problems in workers using polyurethane (Littorin et al.
1994; Skarping et al. 1996). Chester et al. (2005) even reported the death of a
worker due to the simple application of polyurethane. The production of poly-
urethane also involves the production of toxic substances such as phenol and
chlorofluorocarbons. Also important is the fact that several thermal insulation
materials release toxic fumes when subjected to fire. Liang and Ho (2007) studied
the toxicity during fires of several insulation materials and concluded that poly-
ethylene and polyurethane foams should not be used unless covered by incom-
bustible materials. Dourodiani et al. (2012) mentioned that the fumes produced
from burning of the expanded polystyrene used in the ceilings caused the death of
several workers. Those authors also mentioned that even when the toxic fumes
exposition is not high enough to lead to human deads, it can be responsible for other
serious health problems such as chromosome damage, cancer and even birth
defects. This issue is very important because the information on the toxicity of
building materials is a crucial aspect under the new CPR. While the CPD only
considered a very limited range of dangerous substances, e.g. formaldehyde and
pentachlorophenol, the CPR links this subject to the Regulation (EC) No 1907/2006
(Registration, Evaluation, Authorisation and Restriction of Chemicals—REACH
Regulation). The introduction of the CPR states that the specific need for infor-
mation on the content of hazardous substances in construction products should be
further investigated. Besides, the Article 67 mentions that By 25 April 2014, the
Commission shall assess the specific need for information on the content of haz-
ardous substances in construction products and consider the possible extension of
the information obligation provided for in Article 6(5) to other substances.
Regarding energy building efficiency, high-performance, non-toxic thermal insu-
lators, as well as low embodied energy building materials, are therefore needed.

Although the 1959 speech of Fenyman at the American Physical Society at
Caltech is considered the beginning of the nanotechnology era, only in the 1980s
has this area start an exponential growth (Glanzel et al. 2003). In the last decades,
nanotechnology was became a hot area crossing different scientific areas from
electronics to life sciences, and still only in the last years have the nanotech
investigations for the construction industry began to have enough expression jus-
tified by the published works on that particular field (Smith and Grangvist 2010;
Pacheco-Torgal and Jalali 2011; Hanus and Harris 2013; Pacheco-Torgal et al.
2013a).

A 2012 Scopus search of journal papers containing the terms “nanotechnology”
and “eco-efficient construction” (Pacheco-Torgal et al. 2013a) revealed only five
published papers and all in the field of cement materials. The same search carried
out three years later shows twenty-six papers, eight of which are directly related to
the energy building efficiency materials. This shows that a research shift from
cement nanotech to nanotech energy efficiency materials has occurred in the last
years.
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Nanoporous aerogel is a perfect example of a high-performance thermal insu-
lator but also of the time lag between nanotech scientific discoveries and the
deployment of related commercial products. It was invented in the 1930s (Kistler
1931; Kistler and Caldwell 1932) and further developed in the 1950s by NASA.
Aerogel is composed of air above 90 %, and silica nanoparticles have the lowest
thermal conductivity of any solid of around 0.01 W/mK (around 13 mW/mK for
commercial products).

Since the majority of energy losses in a building occur through windows, the use
of aerogel as low thermal conductivity windows or skylights (Schultz et al. 2005;
Jelle et al. 2012) with a U-values lower than 0.3 W/m? K (Buratti and Moretti 2012,
2013a, b) is especially important for energy building efficiency (Cotana et al. 2014;
Thara et al. 2015). However, since the cost of an aerogel window could be six times
higher than a conventional window (Cuce 2014a), this constitutes a challenge that
needs to be overcome. Aerogel is non-flammable, not carcinogenic (Buratti and
Moretti 2012), has minimal health hazards (Aspen 2015) and does not release toxic
fumes during fire, and it thus has a high potential to overcome some of the short-
comings of current thermal insulators being the subject of three chapters of this
book. However, a recent study (Cuce et al. 2014a, b) showed that aerogel thermal
insulation is not cost-effective for countries with warm climates. Even so it is worth
mention that those authors assumed a high aerogel cost (600 €/m?) and did not count
on the economic value of space savings, which is an important advantage of aerogel
over current thermal insulators. Since cost efficiency is a crucial aspect in order that
aerogel (and other nanotech-based materials) can be widely use by the construction
industry, this means that more investigations are needed that could give a more
accurate picture of the real cost gap between aerogel and current thermal insulators.

Other important field relates to the development of cool materials incorporating
new advanced nanomaterials (Santamouris et al. 2011; Jelle et al. 2015). Cool
materials have high solar reflectance allowing for the reduction of energy cooling
needs in summer. These materials are specially important for building energy
efficiency because as a consequence of climate change, building coolings needs are
expected to increase in the coming years (Crawley 2008). Depending on the climate
zone, cooling loads are likely to increase by 50 to over 90 % until the end of the
century (Roetzel and Tsangrassoulis 2012). According to the IEA (2013), energy
consumption for cooling is expected to increase sharply by 2050—by almost 150 %
globally and by 300 to 600 % in developing countries. The Cool-Coverings FP7
project (Escribano et al. 2013) which aims at the development of a novel and
cost-effective range of nanotech improved coatings to substantially improve
near-infrared reflective properties.

Also crucial for energy-efficient buildings is switchable glazing technology-based
materials that refer to ‘materials and devices that make it possible to construct
glazings whose throughput of visible light and solar energy can be switched to
different levels depending on the application of a low DC voltage (electrochromics)
or on the temperature (thermochromics) or even by using hydrogen (gasochromics).
Electrochromic windows have shown a 54 % energy reduction in electrochromic
windows when compared to standard single-glazed windows for a 25 years life cycle
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(Papaefthimiou et al. 2006). Other authors (Yoshimura et al. 2009) studied gaso-
chromic windows reporting a 34 % reduction on cooling needs when compared to
standard double-glazed windows. Tavares et al. (2015) reported savings of about
14 % in the annual energy needs resulting by single glass replacement with double
electrochromic glass controlled by solar radiation. According to these authors for
this energy savings, the maximum permissible additional cost per m* of EC glass to a
simple recover period of 10 years is 33.44 €. Several commercial solutions are
already available on the market (SAGE Electrochromics—USA, Econtrol Glas,
Saint Gobain Sekurit and Gesimat—Germany, amongst others) with a service life of
30 years and capable of 100,000 switching cycles. The most challenging point of
smart windows at the moment is their higher cost compared to the other glazing
technologies (Cuce and Riffat 2015). Hee et al. (2015) stated that due to the higher
costs of dynamic glazing, it is more suitable to be installed in the building which
needed high performance in terms of daylighting and energy saving such as com-
mercial buildings. However, it is expected that in the next years, a higher perfor-
mance and lower cost switchable glazing windows will be available.

Jelle (2011) predicted that the nano-insulation materials (NIMs), the dynamic
insulation materials (DIMs) and the load-bearing insulation materials NanoCon
could become promising nanotech-based thermal insulators. However, four years
after his statement, no major advances were made concerning those materials not
even regarding the wide use by the construction industry of nanotech-based insu-
lator materials. The reason for that may lie on the fact that the construction industry
has a risk-averse nature having a recalcitrant approach to new technology adoption
(Arora et al. 2014). Fortunately, recent forecasts show that the European market for
building energy-efficient products (and services) alone will grow from €41.4 billion
in 2014 to €80.8 billion in 2023 (NR 2014), meaning that investigations on
high-performance thermal insulators will have an important market to explore
justifying its funding.

Much like nanotechnology, biotechnology constitutes another hot scientific field
that has grown exponentially in the last decades. Having the potential to develop
more sustainable solutions, it also has a huge commercial potential (Meyer 2011).
Biotechnology is one of the six key enabling technologies (KETs) that will be
funded under the EU Framework Programme Horizon 2020 (Pacheco-Torgal 2014).
Investigations on cellulose nanocrystals (cellulose elements having at least one
dimension in the 1-100 nm range) constitute an important and recent field with the
potential to enable the development of promising eco-efficient high-performance
materials (Charreau et al. 2013). Concerning the contribution of biotech advances for
energy building efficiency, a new generation of bioaerogels was developed in the
past decade from various polysaccharides such as cellulose, cellulose esters, marine
polysaccharides, pectin and starch (Demilecamps et al. 2015). Cellulose being the
most abundant polymer on Earth, renewable, biodegradable, carbon neutral, having
the potential to be processed at industrial-scale quantities and at low cost could
become a green source to future aerogel thermal insulators.

Bioplastics are also another recent biotech output that could have future impact
on low embodied energy building material, thus contributing for energy building
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efficiency. There is not a unique definition on bioplastics, but the one set by the
Business-NGO Working Group for safer chemicals and sustainable materials
(Alvarez-Chavez et al. 2012) seems to be a very accurate one: “as plastics in which
100 % of the carbon is derived from renewable agricultural and forestry resources
such as corn starch, soybean protein and cellulose”. Although these current bio-
materials have a high cost, the recent investigations (Xu and Yang 2012) show that
the production of bioplastics from biowastes could enhance the cost efficiency.
Several books have already been written addressing nanotech-based materials
for the construction industry. Still recent investigations (Arora et al. 2014) show
that the construction industry practitioners display moderate levels of awareness
regarding that issue. Besides, most of them have a narrow focus on the energy
building efficiency issue. Also, biotech-based materials for energy building effi-
ciency is a book desert area. Therefore, this book intents to provide a contribution
(even small as it is) for the energy building efficiency agenda by gathering
important contributions of world experts on nano- and biotech-based materials. This
publication will help future standardization efforts regarding these innovative
materials. It will also help the building industry stakeholders to be aware of the
state-of-the-art energy building efficiency-related materials which is a crucial step to
speed up their commercialization and its effective use in deep retrofitting actions.

1.4 Book Outline

Chapter 2 deals with the aerogel-based plasters. A short overview on market trends
of thermal insulation plasters is presented. Plaster composition, physics, thermal,
acoustic, and hygrothermal properties are discussed. In situ applications of aerogel
plasters are analysed, and the potential of the investigated materials is highlighted.

Highly energy-efficient silica aerogel windows are the subject of Chap. 3. The
characteristics of the raw material (monolithic and translucent granular) are illus-
trated. The chapter includes general information about the production process, the
main chemical and physical properties, and a market overview. Thermal, visual and
acoustic performances of silica aerogel windows are highlighted. A numerical
analysis review confirms the contribution of these windows for energy building
efficiency.

Chapter 4 contains the state of the art about thermochromic glazings. These
high-performance glazings have temperature-dependent properties being able to
control the quantity of solar heat and light entering a building by changing its
optical properties, thus reducing energy consumption. A review on different
chromogenic materials (photochromic, thermocromic and electrochromic) is
introduced. A special attention is dedicated to vanadium oxide (VO;)-based ther-
mochromic glazings including fabrication and performance. A review on energy
modelling of buildings with thermochromics glazings is presented.

The use of an optically transparent, thermal energy adsorbing glass is the subject
of Chap. 5. A review on vasculature networks is included. The importance of
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biomorphic responsive glass for energy building efficiency is highlighted.
Investigations on glass with embedded microvascular networks are reviewed as
promising research field for future development of photosynthetic composite glass.

Chapter 6 provides an overview of the requirements for product development of
adaptive nanobased materials and technologies. The role of building simulation in the
development of innovative adaptive materials and technologies is discussed.
State-of-the-art advanced methodologies and the characteristics of the tools to sup-
port the product development for building-integrated adaptive materials and tech-
nologies are presented. A case study concerning the evaluation of the performance of
future-generation adaptive glazing and adaptive insulation is also presented.

Chapter 7 addresses the use of nanotech-based vacuum insulation panels (VIPs)
for building applications. It includes VIP concepts, the state of the art on VIP
products as well as some case studies. Future research pathways for VIP tech-
nologies are also included.

The use of nanomaterial-based phase-change materials (nanoPCMs) for thermal
energy storage is the subject of Chap. 8. It reviews PCM, nanomaterial and
nanoPCM composites. The enhancement of the thermal energy storage capabilities
of NanoPCM composites and its role on achieving improved energy efficiency in
buildings is highlighted.

Chapter 9 addresses the case of nanotech-based cool materials and its contri-
bution in reducing energy building cooling needs. Recent nanoscale developments
are addressed, and the main applications of cool materials are discussed including
cool roofs, cool walls, cool shading devices and cool paving materials. The dura-
bility performance of cool materials is also covered.

Chapter 10 covers the performance of semi-transparent photovoltaic (STPV)
facades. A methodology that quantifies the building energy demand reduction
provided by STPV constructive solutions is presented, and the design parameters of
STPV solution are analysed.

Chapter 11 reviews the use of organic photovoltaics for building energy effi-
ciency. The functioning principles of hybrid and organic (HOPV) devices that
include dye-sensitized solar cells (DSCs) and polymeric cells are described.
A description of the actual studies carried on HOPV and energy efficiency in
buildings is included. Some showcases that involve the use of HOPV integrated
into buildings are also included.

Investigations on biobased polyurethane foam for thermal insulation materials
are the subject of Chap. 12. A review on the insulating properties of polyurethane
foam is included. Raw materials, synthesis and properties of bio-polyurethane
foams are covered.

Chapter 13 is related to the development of biorefinery-derived bioplastics as
promising low embodied energy building materials. While current materials based
on petrochemical-based plastics produce hazardous non-biodegradable wastes when
buildings are demolished. Materials made from the renewable organic sources are
biodegradable and can be left in soil or composted after the building demolition.
Bioplastics also have the potential to lead to the rise of new building materials with
low embodied energy, thus contributing to energy building efficiency.
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Chapter 14 addresses the bio-inspired lightweight structural materials as low
embodied energy-based materials. Several examples were reviewed including water
lily leaves, bird’s bones and trunk trees.

Chapter 15 is related to nanocellulose aerogels as promising thermal insulation
materials and covers cellulose aerogel produced from bacterial cellulose and from
paper pulp, and even aerogel prepared from paper wastes. It includes fabrication
methods, mechanical and thermal properties.

Chapter 16 covers photobioreactor-based energy sources. The characteristics of
the different industrial-scale photobioreactors are reviewed. A discussion on cost
limitations are included.

Several case studies on the architectural integration of photobioreactors in
building facades constitute the subject of Chap. 17.
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Chapter 2
Aerogel Plasters for Building Energy
Efficiency

C. Buratti, E. Moretti and E. Belloni

Abstract Nowadays in many countries, the building sector is the largest energy
consumer and one of the best ways to reduce energy demand of buildings is the
reduction in heat losses through the envelope. In this scenario, insulating materials
with aerogels have growing interest and new applications such as insulating
aerogel-based renderings are in development. This chapter deals with the analysis
of superinsulating applications for building envelope such as aerogel-incorporated
concrete- and aerogel-based renders. After an overall analysis of the market trend
for these innovative systems, the rendering compositions, the physics, thermal,
acoustic, and hygrothermal properties of aerogel-based renders are discussed. In
situ applications of the new developed render are analyzed and the potential of the
investigated materials is highlighted, by considering experimental measurements in
Sect. 2.4. Finally, a comparison with traditional solutions and the future trends are
considered.

2.1 Introduction

Thermal insulation in buildings contributes to reduce the size of the heating and
cooling systems and the annual energy consumptions. In particular, in Italy, at least
90 % of buildings were constructed before 1991, the year of the Frame Law on
Energy Saving, and they are not in compliance with the current regulations for the

C. Buratti () - E. Moretti - E. Belloni

Department of Engineering, University of Perugia, via G. Duranti 63,
06125 Perugia, Italy

e-mail: cinzia.buratti@unipg.it

E. Moretti
e-mail: elisa.moretti @unipg.it

E. Belloni
e-mail: belloni.unipg@ciriaf.it

© Springer International Publishing Switzerland 2016 17
F. Pacheco Torgal et al. (eds.), Nano and Biotech Based Materials
for Energy Building Efficiency, DOI 10.1007/978-3-319-27505-5_2



18 C. Buratti et al.

most part (the most recent norms date from 2006). Therefore, all these buildings
would need refurbishment in order to be compliant with normative targets.

The application of innovative solutions can be therefore a useful tool not only for
new constructions, but also for the refurbishment of existing buildings, in order to
reduce the heat losses of the envelope. Many transparent insulating systems have
been proposed and their optical, thermal, and acoustic properties have been
investigated at the University of Perugia since 2003, with both experimental
campaigns and simulation codes (Buratti and Moretti 2013, 2014; Tabares-Velasco
et al. 2012; Kalnes and Jelle 2015; Buratti et al. 2012, 2016; Moretti et al. 2014;
Cotana et al. 2014): Silica aerogel, in particular, is a highly porous nanostructured
and light material, and it represents an innovative alternative to traditional solutions
because of the high thermal performance (low thermal conductivity 0.014 W/m K)
and low density (about 3 kg/m?). Nevertheless, the costs of the material are high for
cost-sensitive building industry and this is a limit for a wide spread of the material
in the market. Research aims to improve the insulation performance and to decrease
the aerogel production costs. The optical transparency property allows its use for
insulating window facades and window panes, but this is only one of the possible
applications in the building sector. Aerogel blankets/panels have been developed to
as insulation panels for building walls and grounds (Aspen Aerogels 2012).
Moreover, the increasing of the thermal performance of wood and steel with local
aerogel insulation has been studied by means of experimental tests (Ibrahim et al.
2014b): R-value of wood-framed walls is improved by 9 % and the one of
steel-framed walls by 29 %. Recently, other types of silica-aerogel-based materials
used in buildings are the aerogel-incorporated mortars/plasters and aerogel-based
concretes (Gao et al. 2014; Kim et al. 2013).

In this chapter, some examples of opaque aerogel-based materials are presented
with a particular attention on new insulating rendering based on silica aerogel. After
a general overview of these materials, the performance assessment of aerogel-based
renders are analyzed. Finally, in situ applications of this new material for building
refurbishment are described.

2.2 Aerogel-Incorporated Concrete and Plasters:
A General Overview

In this section, the attention will be focused on superinsulating coatings such as
render and concrete. These kinds of application are important when the thermal
buildings insulation would be improved with a small thickness increase of the
walls. Generally, lightweight concrete has many important applications in modern
buildings, thanks to its strength/weight ratio and heat and sound insulation char-
acteristics higher than the ones of traditional solutions (Kili¢ et al. 2003).
Lightweight aggregates such as pumice, diatomite, volcanic cinders, and perlite can
be added in the mixture in place of normal aggregates (i.e., sand and rocks), but an
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intelligent selection of them is necessary in order to avoid possible interactions with
the binder phase. The advantage of these concretes is the better thermal insulation
properties when compared to conventional solutions, due to the large amount of air
void in the matrix. Aerogel is a perfect aggregate for lightweight and thermal
insulating concrete, thanks to its extremely low density (3-100 kg/m® depending on
the porosity), its low thermal conductivity (0.003—0.02 W/m K), and its good fire
and acoustic resistances. Nevertheless, the application of this innovative material in
thermal insulating concrete has not been widely spread because of the still high
manufacture cost of aerogel. Moreover, a limited number of studies are available for
aerogel-based thermal insulating renders, due to the high cost. Nevertheless,
innovative solutions for thermal insulating plasters based on the materials with pore
size in nanometer range, such as aerogel, could reach good thermal performance
with a small thickness (Barbero et al. 2014).

2.2.1 Literature Review

Ratke (2008) presented a new application of aerogel-incorporated concrete with
interesting fire and sound resistance, and Kim et al. (2013) reported the insulation
performance of aerogel cement prepared with aerogel powder and cement paste.
Different percentages of aerogel with respect to the mixture mass were considered,
ranging from 0.5 to 2 wt%. Also 20 % of pozzolan, composed by SiO, and Al,O3,
was substituted for cement in order to prevent detrimental expansion of the samples.
Results are reported in Table 2.1: The thermal conductivity of aerogel cement with
an aerogel mass fraction of 2.0 wt% decreased of about 75 %; considering the
aerogel cement with 2 % of aerogel and 20 % of pozzolan, the reduction is about
72 %.

Recently, insulating coatings based on silica aerogels have been developed. In
particular, a lightweight aerogel-incorporated concrete (AIC) was prepared by
replacing the normal aggregate of concrete with silica aerogel particles (Gao et al.
2014). AIC samples were prepared by adding cement, sand, silica fume, water,
superplasticizer, and aerogel particles. The cement used has a density of about
3140 kg/m*; hydrophobic aerogel granules with a density of 100 kg/m* was added
(the percentages in volume vary in 0-60 % range) together with distilled water (the
water—binder (w/b) ratio was set to 0.4). The thermal conductivity of AIC samples

Table 2.1 Percentages of decrease in thermal conductivity of aerogel cement (adapted from Kim
et al. 2013)

Aerogel cement Aerogel cement and pozzolan
Aerogel content (Wt%) 0 0.5 1 2 0 0.5 1 2
Thermal conductivity 0.51 038 027 |0.13 |056 [045 (033 |0.10

(W/m K)
Percentage of decrease - 26 47 75 - 9 29 72
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Fig. 2.1 Optical imagines of AIC samples (2A60) compared to the plain concrete sample (2Ref)
(Gao et al. 2014)

was analyzed by using a Hot-disk Thermal Constants Analyzer (model TPS 2500S)
and a disk-type Kapton Sensor 5465, which acts both as heat source and temper-
ature record. Figure 2.1 shows the imagine of a AIC sample with 60 % of aerogel in
volume (2A60) compared to a reference concrete sample: The cement paste in the
AIC samples has less air voids than those of the reference sample because the
aerogel particles affect the air entrainment by gas diffusion due to the porous nature
and the large surface area of aerogel particles.

Moreover, the absorbed CO, in aerogel particles would react with Ca(OH), from
the binder phase to form CaCOj5 during the curing process, which changes also the
microstructure (see the area marked with circles). Generally, the aerogel content
increasing corresponds to a density decreasing: Considering a percentage of aerogel
in volume equal to 60 %, the density is about 1000 kg/m®, compared to 1980 kg/m’
of the reference plain concrete sample (reduction of about 50 %). Also in this case,
the thermal conductivity of AIC decreases [the same behavior is as shown in Kim
et al. (2013)]: The reference plain concrete has a thermal conductivity of about
1.86 W/m K, whereas the AIC sample with the aerogel content of 60 vol.% shows a
thermal conductivity of only 0.26 W/m K (decreasing of about 86 %) (Fig. 2.2).
Also the compressive strength was measured and a value of about 8.3 MPa was
obtained considering an aerogel content of 60 %, while the compressive strength of
the reference concrete is about 55 MPa, showing a decrease of about 85 %. At an
aerogel content of 40 vol.% where a minimum compressive strength of 20 MPa was
maintained, the AIC samples registered a thermal conductivity of 0.8 W/m K,
rendering this system unfitting for specific insulating purposes (Gao et al. 2014).

Also Serina et al. (2015) shows an experimental investigation of aerogel-
incorporated mortar (AIM) with up to 80 vol.% aerogel, prepared by using a
reduced ultrahigh-performance concrete (UHPC) mixture. Mechanical strength
properties of cured AIM samples were measured according to DIN EN 196-1
standard, while the thermal conductivity was measured with the same Hot-disk
Thermal Constants Analyzer of the type TPS 2500S. Both flexural and compressive
strength decreased with aerogel loading: When only 20 vol. % aerogel was pre-
sented, a difference of 42 % (from 120 to 70 MPa) in compressive strength was
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observed. The AIM sample with 50 vol.% aerogel content has a thermal conduc-
tivity of about 0.55 W/m K and a compressive strength of 20 MPa; it decreases by
almost 4-6 MPa, while only a 20 % reduction in thermal conductivity is obtained,
when aerogel content increases to 70 vol.%. By an aerogel loading of 80 %, the
compressive strengths were very low (about 4 MPa).

Finally, Fickler et al. (2015) developed a high-performance aerogel concrete by
embedding silica aerogel granules in high-strength cement matrix: In this work, a
new aerogel-based construction material with extraordinary heat-insulating and
load-carrying properties was examined. Various mixtures were examined in terms
of their compressive strength and thermal conductivity: Considering 70 % in vol-
ume of silica aerogel, the bulk density and the compressive strength decreased in
comparison with conventional concrete. The compressive strength could be
increased by reducing the percentage of aerogel granules to a minimum of 60 % of
volume. The thermal conductivity was determined with the transient hot bridge
(THB) measurement principle: Good heat-insulating properties were observed,
values variable in the range 0.16-0.37 W/m K were measured, considering a
compressive strength variable between 6 and 23 MPa.

A new kind of insulating plasters based on silica aerogel granules has been
developed (Stahl et al. 2012); it consists of hydrophobized granular silica aerogel
(60-90 vol.%) and contains a purely mineral- and cement-free binder and some
additives which enhance the workability of the rendering. It can be applied to walls
both manually or by plastering machines. The thermal conductivity has been
measured by a special hot plate device (sample dimensions 65 mm x 65 mm and
12—-13 mm in thickness). The samples were made manually and dried in a climatic
chamber (23 °C, 50 % r.H.) for 28 days. Measurements were carried out for at least
20 samples. Also water vapor transmission resistance was determined by the dry
cup method, according to the European standard EN 12086. Conventional insula-
tion renders were also tested in order to compare the results with traditional solu-
tions. For all the plasters, the thermal conductivity increases when samples were
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produced by the plastering machine compared to manually produced ones: it was
due to the higher water inserting into the render by using plastering machines. The
measured thermal conductivity of the aerogel render is 0.025 W/m K and the
density is 200 kg/m’: the A value is very low in comparison with traditional
coatings (0.065-0.103 W/m K). This thermal conductivity generally increases when
production pressures increase (Fig. 2.3—Mixture A, with cement binders) because
liquid water enters the nanopores of the aerogel granule due to the high pressure, it
remains trapped and will take a very long time to dry. The dependence from
pressure can be reduced avoiding cement binders in the mixture (see mixture B and
C, without cement binders with two different procedures).

Achard et al. (2011) (WIPO Patent WO/083174) developed another innovative
insulating rendering based on silica aerogel. It consists of water, a mineral and/or
organic hydraulic binder, insulating filler comprising a powder or granules of
hydrophobic silica aerogel, and other filler and additives (option). The rendering
has been developed mainly for exterior wall surface applications. The coating
thermophysical characteristics are presented in Table 2.2. The measured thermal
conductivity is only 0.0268 W/m K, very low in comparison with traditional ren-
ders (0.2-0.05 W/m K). Unfortunately, the production costs are still high in
comparison with other traditional insulation materials and it will be illustrated
below (Huang 2012). Moreover, the mechanical properties are still not sufficient
enough and reinforcing mesh should be added.

Table 2.2 ?h‘*fmophysfa‘ Thermal conductivity (W/m K) 0.0268

properties of new aeroge .

insulating coatings (adapted Spem.ﬁc heat (g/kg K) 990

from Ibrahim et al. 2014c) Density (kg/m”) 156 (dry)
Vapor diffusion resistance factor (—) 4.25

Water absorption coefficient (kg/m? s'/?) 0.184
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2.2.2 Market Survey

Innovative solutions for thermal insulating plasters could make a significant con-
tribution to energy savings. Aerogel-based renders have high thermal resistances,
and high thermal performance can be reached by applying them also in small
thicknesses. But new plaster solutions have to respond to specific economical and
technical features, in order to be spread in the market. An overall analysis of the
thermal insulating plasters in European market was carried out by Barbero et al.
(2014). Different characteristics were evaluated for each plaster: the volume mass
powder, the dry bulk density of the hardened mortar, the thermal conductivity, and
the costs. Currently, the nanomaterials and all the products made with them are
more expensive than other commercial solutions.

A market survey was carried out considering all the European countries and in
particular the western ones that represent the colder part of the Europe. Technical,
chemical, and physical data and the price information of these plasters were directly
supplied by each producer and manufacturer. The names of the manufacturers and
the commercial products were not published for privacy reasons. The examined
plasters were divided into two families: cement-based insulating plasters and nat-
ural hydraulic lime-based plasters. The incidence of the cost was evaluated con-
sidering both the cost per square meter of each plaster necessary to obtain the same
final thermal resistance R, equal to 1 m* K/W and the cost per functional unit (the
reference unit is the money required to make 10 mm of thickness). Table 2.3 shows
the prices of the analyzed plasters: the average cost of the cement-based products
with the same thermal performance is €43/sqm, while the average cost of the natural
hydraulic lime-based plasters is €82/sqm. In comparison with these plasters, it is
possible to consider the aerogel-based plaster developed and studied by Buratti
et al. (2014): the costs of the natural lime plaster with 80 % of granular aerogel is
expected to be about 8 €/sqm, considering a thickness of 1 mm of the coat. In this
case, the commercial solution of the Agosti Nanotherm aerogel-including render
was considered (A = 0.045 W/m K and 80-90 % in volume of aerogel granules):
Higher percentage of aerogel in the mixture can be added to obtain a final render
with a thermal conductivity less than 0.02 W/m K. In this context, the large-scale
production of aerogel-based plasters can improve the spread of new render solu-
tions, by modifying the final costs of the product and the production system.

In the European market, an aerogel-incorporated render solution is Fixit 222
(Fixit, Fixit 222 Aerogel Hochleistungsdimmputz, 2015), by EMPA (Filate 2014,
EMPA 2015). This is another very good product with a density of hardened mortar
of 220 kg/m® and a thermal conductivity of only 0.028 W/m K. The product has
very good performances, and it can be applied in the same way of standard renders
(about 2 kg/m? for a thickness of 10 mm are necessary). The cost of this material is
about 80-90 €/m? considering a thickness of 10 mm of the coat (8 €/m? for
s = 1 mm). It can be compared with conventional plasters shown in Table 2.3: the
cost is higher than the ones of traditional plasters, but the thermal conductivity of
Fixit 222 is very low in comparison with the others. However, these aerogel-based
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Table 2.3 Pricing table of conventional plasters (adapted from Barbero et al. 2014 and Rofix,

Fixit Group 2014)

Product | Type Thermal Price [€/sqm Ry Thickness R, | Price [€/
conductivity for s = 10 mm] (mm/sqm) sqm Ry]
(W/m K)

1 Cement-based | 0.055 3.590 55 19.75
plaster

2 Cement-based | 0.090 5.437 90 48.94
plaster

3 Cement-based | 0.074 3.700 74 27.38
plaster

4 Cement-based | 0.056 4.440 56 24.64
plaster

5 Cement-based | 0.090 5.200 90 46.80
plaster

6 Cement-based | 0.062 3.520 62 21.82
plaster

7 Cement-based | 0.075 4.587 75 34.40
plaster

8 Cement-based | 0.111 10.840 111 120.32
plaster

9 Lime-based 0.200 11.500 200 230.00
plaster

10 Lime-based 0.075 8.550 75 64.13
plaster

11 Lime-based 0.060 4.800 60 28.80
plaster

12 Lime-based 0.091 5.840 91 53.14
plaster

13 Lime-based 0.066 11.080 66 73.13
plaster

14 Lime-based 0.088 5.360 88 47.17
plaster

15 Aerogel-based | 0.028 80.000 28 224.00
plaster
Fixit 222

solutions are applied as finished paintings and their application thicknesses are very
low (about 3—5 mm).

For further information, it can be useful to analyze the influence of the aerogel
costs on the optimum thickness of the coating. Figure 2.4 shows the optimum
coating thickness for different aerogel costs (from 600 to 2000 €/m’): As the cost
increases the optimum, thickness value decreases (Ibrahim et al. 2015). The higher
initial costs due to the application of the coating make difficult their recovery by
means of energy savings.
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Fig. 2.4 Effect of the aerogel cost on the optimum thickness (Ibrahim et al. 2015)

2.3 Performance Assessment of Aerogel-Based Renders

In this section, the performance assessment of aerogel-incorporated renders is
examined considering different points of view. Firstly, different experiences of
aerogel-based render manufacturing techniques and their in situ applications will be
described. As shown below, the most important characteristics of the innovative
renders are the thermal insulation, the acoustic performance, and the hygrothermal
properties. The innovative renders have a thermal conductivity very low with
respect to traditional solutions (reduction up to 90-96 %) and a better acoustic
absorption coefficient when compared to the same plaster without aerogel.
Considering the hygrothermal properties, it will be shown that the new renders are
able to efficiently reduce the moisture formation.

2.3.1 Rendering Mixing and Setup

Insulation plasters can be applied to external and internal walls. Thanks to its
mineral basis, the new plaster is very similar to the original historical building
materials, and it is ideal for use on old buildings, on internal as well as external
surfaces, offering a noninvasive method for renovating historic buildings and for
saving energy without altering their aspect.

The production and in situ setup of the aerogel-based renders are very important.
The manufacturing step and the installation of the aerogel-incorporated plaster are
described in Buratti et al. (2014). The aerogel in the renders has nanometer-sized
pores and consists of 90-98 % of air.

The coating was manufactured by manually mixing natural lime with granular
aerogel in different percentages, allowing the absorption of air in the mix. In this
way, the density of the plaster decreases of about 90 %. Different kinds of calcium
hydroxide were considered, and different percentages of aerogel were mixed in the
first mixing phases. Firstly, only a 50 % of aerogel in volume was considered (the
thermal conductivity varied in 0.08-0.06 W/m K range). The good properties of the
natural lime maturing are important in order to obtain a good quality of the final
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Fig. 2.5 Various steps of the mixing: (a) original components; (b) mixing phase; (c¢) final
composition of the plaster (Buratti et al. 2014)

composition. Water was added slowly, in order to obtain a uniform mixture with all
aerogel particles having uniform coating of cement floating. The preparation of the
product is made by mixing the two components in a bucket: This phase should be
slow, accurate, in order to avoid the pulverizing of the granules. The original size of
the aerogel granules is usually about 3—4 mm and they are irregular in shape: after
the mixing phase, the granules are partially broken, but they are not completely
pulverized. In the final mix, the particle dimensions are included in the 0.1-2 mm
range. Aerogel granule dimensions have not to be very small because the plaster
becomes hydrophobic and its binder properties decrease, even if the thermal con-
ductivity is the same.

Figure 2.5 shows the mixing steps of the different components of the plaster
(granular aerogel, calcium hydroxide, and water). The new coating has also the
advantage to be simultaneously water repellent and permeable to water vapor. It is
much more breathable than conventional plasters, and its surface does not become
wet. The hydrophobic nature of aerogel is important because the aerogel particles
incorporated into renders avoid the water absorption that could change the volu-
metric composition of the final mix and the thermal performance.

The direct spray in situ application of the new plaster on to brickwork is rep-
resented in Fig. 2.6. The installation is very easy also in complex wall geometries.
Moreover, it is possible to eliminate gaps where moisture could form, reducing
condensation inside walls that can cause mold.

Also Achard et al. (2011) describe the composition of an innovative insulating
coating based on silica aerogel: It consists of water, a mineral hydraulic binder,
insulating filler and, in particular, a powder of silica aerogel in granules, and other
possible additives and structuralizing fillers. The render is made of aerogel granules
used in place of sand and inert, that are usually inserted in conventional coatings.
Aerogel granules are industrially manufactured in a specialized plant; then, the
mortar/render is prepared industrially as a dry mixing of all the mentioned com-
ponents; the mix is then stored in bags and transported to the site for use. Finally,
the product is mixed with water in order to obtain a viscosity suitable for the
application on-site, for example, by spraying on the wall surface.
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Fig. 2.6 In situ application of the aerogel-based plaster (courtesy of Agosti Fabrizio, Agosti
Nanotherm s.r.1., Naturalcalk-Tillica 2015)

2.3.2 Thermal Properties

Thermal conductivities were evaluated in some research works (Stahl et al. 2012;
Achard et al. 2011) already described in Sect. 2.2.1. In these cases, aerogel-based
renders with thermal conductivities of 0.025 and 0.027 W/m K were performed.

Stahl et al. measured a thermal conductivity of 0.025 W/m K at a density of
about 200 kg/m’. The sample was produced by means of a plastering machine to
real-use condition, and a number of commercially available insulating renders was
also realized in order to compare the results. All the thermal conductivity mea-
surements were carried out by a guarded hot plate apparatus. The comparison is
shown in Table 2.4.

Achard et al. measured the thermal conductivity by means of guarded hot plate
and heat flow meter, according to the EN ISO standard 12667. The heat is measured

Table 2.4 Thermal conductivity of insulation renderings in comparison (adapted from Stahl et al.
2012)

Thermal conductivity Insulating additives Density
(W/m K) [kg/m?)]
Render 1 0.103 Perlite, cork 432
Render 2 0.099 Mineral 478
Render 3 0.067 Expand polystyrene 297
(EPS)
Render 4 0.072 Expand polystyrene 318
(EPS)
Render 5 0.072 Expand polystyrene 250
(EPS)
Aerogel 0.025 Aerogel 200
render




28 C. Buratti et al.

Table 2.5 Thermal measurement results for the examined samples (Buratti et al. 2014)

Specimens | Description Percentage of granular Density p | Thermal
aerogel in volume (%) (kg/m3) conductivity A
(W/m K)

TO Natural plaster - 2200 0.50
without aerogel

T1 Natural plaster with | 80-90 300-275 |0.050-0.045
granular aerogel

T2 Natural plaster with | 91-95 136-126 | 0.021-0.019
granular aerogel

T3 Natural plaster with | 96-99 125-115 |0.016-0.014
granular aerogel

by means of differential scanning calorimeter (DSC) according to NF EN 1159-3
standard. The density is measured in compliance to the NF EN 1602 standard, and
the vapor diffusion resistance factor is measured according the NF EN ISO 12572
standard by means of the cup method. The thermal conductivity obtained is only
0.027 W/m K (with a density of about 156 kg/m?), better than the ones measured
for traditional insulating materials (0.034—0.050 W/m K is obtained, for example,
for mineral wool, glass wool, and foam glass), and it can be very useful in order to
limit heat losses through thermal bridges both in new and existing buildings.

Considering the thermal characterization of the material, also the research
activities of Buratti et al. (2014) are reported. Four kinds of insulating aerogel-based
plasters were tested by means of a heat flow meter apparatus and the thermal
conductivity of the specimens was calculated in compliance with EN ISO 12667
standard. Natural lime plasters with granular aerogel in different percentages were
tested.

Table 2.5 shows the properties of the samples (density, percentage of granular
aerogel in the mix) and the thermal conductivity measured. The density of the plaster
decreases when aerogel is added in the mix and also the thermal conductivity
decreases by about 90-97 %, due to the highly porous light aerogel nature. In fact,
granular silica aerogel has a density of about 50-200 kg/m® and a thermal con-
ductivity variable in the 0.013-0.018 W/m K range. Nevertheless, for aerogel types
T2 and T3, the mechanical resistance of the plasters decreases a little bit because of
the high porosity of the aerogel added in the final mix. A good solution that can be
launched on the market also characterized by good mechanical resistance properties
is the innovative plaster type T1, with an 80 % aerogel (0.050 W/m K). Finally, the
compressive strength of this innovative plaster is only 0.36 MPa, very low con-
sidering the values obtained for standard mortars (2-12 MPa).
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2.3.3 Acoustic Performance

Sound absorption properties of aerogel-based renders were investigated by Buratti
et al. (2014). The tests were carried out by means Kundt’s tube in order to estimate
the acoustic absorption coefficient of the material.

The normal incidence absorption coefficient was measured by means of
two-microphone impedance tube (Briiel & Kjer, Neerum, Denmark, model 4206)
using the transfer function method and cylindrical samples with diameters of 29 and
100 mm (combined frequency from 50 to 6400 Hz), according to ISO 10534-2
standard (ISO 10534-2 1998 and UNI 10351 1994). Plasters of natural lime with a
percentage of granular aerogel of about 80 % was applied to a plasterboard support
(thickness 12.5 mm); a preliminary test was carried out considering the only plas-
terboard support (type AO), in order to establish a reference value for the comparison.

Two kinds of plaster were tested (the thickness of the only plaster is 10 and
30 mm, respectively); in both the samples, a final coat of 2 mm was applied, for a
total thickness of 24.5 mm (type Al) and 44.5 mm (type A2), respectively; three
specimens were tested for each type and an average trend was analyzed. Figure 2.7
shows the average normal incidence absorption coefficient trends for the samples
(large tube measurements); the absorption coefficient of A0 is lower than the others
(smaller than 0.05 in 100-1600 Hz range). By increasing thickness, the greatest
shift is toward lower frequencies; two picks of the absorption coefficient are
observed: for Al at frequencies 700-800 Hz, for A2 at 400-500 Hz.

0.30
——sample A0 - only plasterboard - s=12.5 mm
025 ——sample Al - plasterboard + aerogel plaster - s=24.5 mm

sample A2 - plasterboard + aerogel plaster - s=44.5 mm

=== sample A3 - only insulating plaster with aerogel

0.15

Absorption coefficient [-]

0.10

: 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Frequency [Hz|

Fig. 2.7 Absorption coefficient at normal incidence (large tube measurements, 100-1600 Hz):
comparison with insulating plaster (without final coat) (Buratti et al. 2014)
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The acoustic properties of the only insulation plaster with aerogel were measured
by removing the final coat layer of the specimens. The absorption coefficient trend
of A3 was higher than the others: The final coat of the sample makes the acoustic
behavior worse (Fig. 2.7).

It can be observed that the absorption coefficient strongly depends on the final
coat, so the aerogel-based plaster layer moderately influences the final value; in any
case, the normal incidence absorption coefficient values of the aerogel-incorporated
plasters are not very high at all (always small than 0.2). Finally, the evaluation of
the noise abatement properties of the render was not considered till now, but this
property is not so incisive because of the small thickness of the aerogel-based
render applied to a wall.

2.3.4 Hygrothermal Performance

The hydric performance is very important in building envelope design. Moistures
problem can cause wood decay, mold growth, poor indoor air quality, corrosion of
metals, damage to materials, and loss of structural strength. For these reasons, the
installation of external or internal water vapor barriers is often required.

In order to examine the hygrothermal behavior of a patented insulating render
based on silica aerogel, a numerical model was developed and an experimental
campaign was carried out by Ibrahim et al. (2014c¢). The aim of the work was the
analysis of the hygrothermal performance of walls with new renderings and the
comparison with different thermal insulation configurations. The hygrothermal
behavior was modeled by using the software WUFI: The numerical model was
validated by means of an experimental setup on a test cell having the aerogel-based
renders on its south wall. The experimental test unit was built in 1984 (Krauss
1985) at PERSEE in University of Nice Sophia Antipolis, in the southeast of
France. It is composed of three cells (current test cell, adjacent cell, and acquisition
cell): the test cell (total volume 30 m®) has two external walls (southeast exposure)
and two internal walls (partitions with the other cells). No windows are present in
order to avoid the effect of the solar gains. The south wall was considered as test
wall. The original stratigraphy of the walls is as follows: concrete (external layer,
s = 0.25 m), glass wool (s = 0.16 m), and plaster (internal side, s = 0.013 m).
A layer of aerogel-based render was applied at the exterior surface of this wall
(s = 0.04 m). The hygrothermal sensor was positioned between the concrete and the
external aerogel-based plaster. The experimental campaign was carried out during
the two weeks in summer: The validation of the model was carried out considering
the measured and simulated temperatures and relative humidity at the interface
between the concrete and the aerogel-based coating.

After the model validation, different simulations were examined considering the
city of Grenoble (semi-continental French climate, with cold winter and warm
summer and abundant rain). It is one of the warmer cities of French in summer
(more than 35 °C); in winter, the temperatures are generally very low and the daily
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Fig. 2.8 Dryness rate (DR) for different walls (Ibrahim et al. 2014c)

Table 2.6 Wall assembly insulation configurations (adapted from Ibrahim et al. 2014c)

Case Layer 1 Layer 2 Layer 3 Layer 4
W-1 Concrete 20 cm Plaster - -

W-2 Concrete 20 cm Polystyrene 5 cm Plaster -

Ww-3 Concrete 20 cm Polystyrene 10 cm Plaster -

w-4 Aerogel render 5 cm Concrete 20 cm Plaster -

W-5 Aerogel render 10 cm Concrete 20 cm Plaster -

W-6 Aerogel render 5 cm Concrete 20 cm Polystyrene 5 cm Plaster
W-7 Aerogel render 5 cm Concrete 20 cm Polystyrene 10 cm Plaster
W-8 Aerogel render 10 cm Concrete 20 cm Polystyrene 5 cm Plaster
W-9 Aerogel render 10 cm Concrete 20 cm Polystyrene 10 cm Plaster

temperature range is high. The simulation results can be compared in terms of
dryness percentage (DR) over a period of 4 years (it is the difference between the
initial water content and the final one at the end of the simulation period, and it
represents the drying power of the wall, see Fig. 2.8). Different insulated walls were
considered (Table 2.6).

The best behavior in terms of drying potential of the wall assembly is obtained
for walls types W-4 and W-5 [aerogel rendering layer with a thickness of 5 and
10 cm, respectively, and concrete (20 cm)]: DR is about 23 %. Moreover, the
dryness rate for exterior insulation is the highest of all configurations. The external
application of aerogel-based plaster improves the dryness rate also for walls with an
internal insulation layer (W-6, W-7, W-8, and W-9): The effect is better when the
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Fig. 2.9 Evolution of the total water content over 4 years for W-2 and W-4 (Ibrahim et al. 2014c)

internal insulation polystyrene has lower thicknesses (5 cm) (W-6 and W-8).
Adding the aerogel-based render on the exterior surface of the walls reduces sig-
nificantly the moisture risks. Figure 2.9 shows the assembly water content over time
for a north orientation for two cases: 5-cm polystyrene interior insulation (W-2) and
5-cm aerogel-based rendering exterior insulation (W-4). The drying capacity of the
wall decreases considering an interior insulation layer, and the moisture content
increases: A vapor barrier is usually added in interior insulating wall. In W-4, the
water content decreases and this effect is higher in southwest orientation, thanks to
the solar radiation. A heat loss reduction up to 70 % could be achieved thanks to the
aerogel-based rendering application and the mold can be easily eliminated.

2.4 Applications in Building Refurbishment

In order to evaluate the real effectiveness of the innovative insulating renders, it is
important to examine their in situ applications by experimental monitoring tests.
The building’s outside envelope interacts with the external environment: External
air temperature and solar radiation influence the outside surface temperatures of
roofs and walls, and the heat flux through the envelope is affected by fluctuations
during the day period. In this context, it is important to carry out deepen researches
dealing with optimizing layers configuration in exterior walls. Considering old
buildings, it can be useful to analyze their thermal behavior before and after
refurbishment actions, such as using aerogel-incorporated renders.

In this section, some examples of in situ applications and a benefit analysis of the
new renders are analyzed, considering also a comparison with traditional solutions.
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The in situ performance of the proposed solutions in different kinds of existent
buildings was analyzed considering the refurbishment by using the new plasters
(Buratti et al. 2014). Table 2.7 shows the decreasing of the thermal transmittance of
different walls, due to the aerogel-based plasters (A = 0.05 W/m K, 80 % of
aerogel). As shown the innovative coating is very effective, above all for a stone
wall with a thickness of about 60 cm (type 1) (U value equal to 2.14 W/m?> K).
Applying 5 mm of aerogel-based plaster, the thermal transmittance of the wall
becomes 1.73 W/m? K (reduction of about 20 %).

Table 2.7 Thermal transmittance values of different types of wall before and after the insulating
plastes application (Buratti et al. 2014)

Before refurbishment

After refurbishment

Wall
type

Description

Total
thickness (m)

U value

(Wim? K)

Total
thickness (m)

U value
W/m? K)

U
reduction (%)

1

Stone wall

(s = 600 mm),
internal and
external lime
plastered

(s = 15 mm)

0.63 2.14

1.73 0.635

19

Brick wall

(s = 300 mm),
internal and
external lime
plastered

(s = 15 mm)

0.33 1.61

1.37 0.335

Cavity wall

(s = 250 mm) (air
brick wall

120 mm + 50 mm
air gap + air brick
wall 80 mm),
internal and
external lime
plastered

(s = 15 mm)

0.28

0.98 0.285

Cavity wall

(s = 250 mm) (air
brick wall

120 mm + 50 mm
polystyrene + air

brick wall 80 mm),

internal and

external lime
plastered

(s = 15 mm)

0.28 0.50

0.47 0.285
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The study of thermal performances can be carried out also by means of simu-
lation model analysis (Cotana et al. 2013). A study of the thermal performance of
exterior walls covered with an aerogel-based insulating coating is illustrated by
Ibrahim et al. (2014a). A numerical model was developed in order to evaluate the
effectiveness of the coating in terms of energy performance and thermal comfort.
The reference experimental campaign was described in Sect. 2.3.4: The
aerogel-based coating is applied on the exterior surface of the south wall of a test
cell.

This experiment was carried out to validate a numerical model using the implicit
finite difference scheme (one-dimensional heat conduction equation) under real
weather conditions. The energy loads with and without 5 cm of the aerogel-based
coating were analyzed considering different construction periods and different cli-
mates. Two house models in the period 1968—1974 were considered: the first one
(1) with simple-glazed windows and no thermal insulation in the roof and the
second one (2) with double-glazed windows and a 6 cm insulation layer in the roof.
In the period after 1990, the first type of house (1) has an exterior wall with a 10-cm
internal insulation layer and the second kind (2) has no thermal insulation. It can be
observed that in old houses (<1974), the percentage of energy reductions are
between 40 and 53 % (Mediterranean climate) and 33-40 % in semi-continental
climate (Fig. 2.10). Obviously, in new houses the application of the ABC is not
very effective and the annual load decreasing is not very high. In any case, the
coating application is more interesting and efficient for old uninsulated buildings
where a small thickness can reduce a lot the energy load.

In terms of thermal comfort, the number of hours where heating is not needed
was analyzed for different coating thicknesses for an old house. It was observed
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Fig. 2.10 Annual heating loads for different climates and different construction periods (Ibrahim
et al. 2015)
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that, by increasing the ABC thickness from O to 15 cm, the percentage of occupied
time where hating is not necessary increases by 10, 6 and 3 %, respectively, for the
Mediterranean, Oceanic, and semi-continental climates (Ibrahim et al. 2014a,
2015).

Another study concerning the examination of the long-term behavior of aerogel
plaster surfaces (Ghazi Wakili et al. 2015) is described. In situ measurements of
temperature, humidity, and heat flux within different layers of a wall were exam-
ined. F222 plaster is an aerogel-containing render, easily adaptable to structured
facades and a promising solution for improving the thermal behavior of historic
buildings. It was applied to the historical building of the Vienna University of
Technology with different finishing layers, and a series of temperature and moisture
sensors were applied and monitored for 5 months. Four different wall partitions
were considered (F1-F4): aerogel plaster F222 was applied (40 mm thick,
A =0.029 W/m K) and then covered by the four final finishes (see Table 2.8).

The theoretical value of the thermal transmittance of the walls before the
aerogel-based render application is 1.12 W/m? K (F0); the U reduction is about
60 % considering the one-dimensional steady-state calculation of U after the
refurbishment (0.44 W/m? K).

The heat flux through the wall and the internal and external surface temperatures
were used in order to find the evolution of the conductance before and after the
retrofit. The average method of ISO standard 9869 was used. The thermal trans-
mittance before the refurbishment varies in the 0.97—-1.04 W/m? K range consid-
ering the four kinds of walls (F1-F4); the final values after the refurbishment vary in
the 0.58-0.78 W/m?* K range. The differences depend on the external final finish
applied to the walls: Wall type F4 has a humidity value on the external side lower
than the other three types, because it has a water-repelling final finish containing
silicon resin paint. A similar behavior can be observed for F2 (application of a
silicate-paint final finish). For these types of walls, the thermal transmittance is
lower (about 0.58-0.60 W/m? K).

Table 2.8 Wall type configurations (adapted from Ghazi Wakili et al. 2015)

Case | Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 (1 mm)
(15 mm) (250 mm) (20 mm) (40 mm)

FO Internal Hollow External - -
plaster bricks plaster

F1 Internal Hollow External F222 External finish
plaster bricks plaster R380 + PE819

F2 Internal Hollow External F222 External finish
plaster bricks plaster R750 + PE225

F3 Internal Hollow External F222 External finish
plaster bricks plaster R380 + PE819S

F4 Internal Hollow External F222 External finish
plaster bricks plaster R380 + PE419
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Finally, another aspect of the retrofit procedures is the internal comfort condition
improvement. In the present paper, Ghazi Wakili et al. (2015) measured the internal
air temperatures and the inside surface temperatures: Before the refurbishment, a
difference of about 4 °C was observed, reduced to less than 1-2 °C in the
post-retrofit conditions.

2.4.2 Comparison with Traditional Solutions and Benefits
Analysis

In order to evaluate the potential of aerogel-based plasters, a comparison with
traditional solutions was carried out by Buratti et al. (2014). In Table 2.9, the
thermal conductivities of different types of commercial plasters are compared with
the innovative aerogel-based plasters. Traditional plaster values vary in 0.29-
0.70 W/m K depending on the type and on the density of the coat.

The thermal benefit of the plaster application in building refurbishment was
observed also by means of in situ infrared thermography analysis (Buratti et al.
2014). A three-story apartment was photographed, and a thickness of about 5 mm
of aerogel-based plaster (A = 0.05 W/m K) was applied on the internal walls of then
third floor. On the first and on the second floor, the internal plaster was not applied.
The investigated building was built in the 1960s in the north of Italy. The northern
fagade was considered in order to avoid the influence of the direct solar radiation
and the infrared thermography was carried out in autumn (external emissivity

Table 2.9 Comparison with traditional solutions: thermal conductivity values (in Italic innovative
plasters, Buratti et al. 2014)

Plasters Density p Thermal conductivity A
(kg/m®) (W/m K)

Coating/mortar with different sizes of 600 0.29

aggregate

Coating/mortar with different sizes of 1000 0.47

aggregate

Coating/mortar with different sizes of 1200 0.58

aggregate

Lime-based plaster 1400 0.70

Gypsum-based plaster 1200 0.35

TO-Natural plasters without aerogel 2200 0.50

T1-Natural plasters with aerogel 275-300 0.045-0.050

(80-90 %)

T2-Natural plasters with aerogel 126-136 0.019-0.021

(91-95 %)

T3-Natural plasters with aerogel 115-125 0.014-0.016

(9699 %)
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|1%C

Fig. 2.11 View of the investigated building and corresponding infrared imagine (Buratti et al.
2014)

Table 2.10 Temperature

Points Emissivity (-) Temperatures (°C)

values measured by means of

the thermographic camera Ml 0.93 9.1

(Buratti et al. 2014) M2 0.93 9.2
M3 0.93 9.1
M4 0.93 11.5
M5 0.93 114
M6 0.93 11.7
M7 0.93 104
M8 0.93 104
M9 0.93 104

considered equal to 0.93). Figure 2.11 shows a thermogram of this building: it can
be observed that the temperature values in M1, M2, and M3 are about 9 °C (third
floor), whereas the values are 10.5-11.5 °C in M4-M9 (first and second floor): The
decreasing of about 2 °C is due to the aerogel-based plaster application
(Table 2.10).

2.4.3 Future Trends and Barriers

New aerogel-based plasters are the focus of the HIPIN Project (HIPIN, 2015, from
European Union’s Seventh Framework Program). This project aims to test new
formulations of aerogel in order to obtain a good mechanical strength and thermal
conductivity, other characteristics being equal. Moreover, it aims to develop three
nanostructured systems, in which aerogel should be incorporated (paint layers,
plasters, and sandwich panels), in order to improve thermal efficiency in existing
buildings and new constructions. As regards the incorporation of aerogel into paints,
a replacement of a portion of the lime with hydrophobic and hydrophilic aerogel is
considered. Three stages are considered for the aerogel plaster preparation: dry
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mixing, mixing with water, and pumping in application stage. Generally, the thermal
plaster layer has to be covered with a final render of about 2-5 mm, but in future a
single aerogel-based plaster insulating layer as final finish of the wall will be
developed according to this project. Finally, the developed high-performance
aerogel would be included into panels to decrease the thickness of the insulating
blanket: the ideal thickness is the lowest possible, but a good common solution could
be 3 cm. This insulating layer should allow water transpiration and should be
affordable considering the costs: Specific matrix materials with good mechanical and
thermal properties should be selected for aerogel binding.

Until now, aerogel has been considered too much expensive and mechanical
fragile for the diffusion in the construction sector. Furthermore, many technical
changes recently enabled aerogel plasters to have higher mechanical resistance to be
manufactured at lower costs. The thermal and mechanical properties of these new
materials allow high efficient retrofit also in buildings in which the insulation with
conventional solutions is difficult; so they can be considered very impacting in the
construction sector also considering their complete integration in the building.
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Chapter 3
Nanogel Windows for Energy Building
Efficiency

Cinzia Buratti, Elisa Moretti and Elisa Belloni

Abstract The chapter deals with the potential of highly energy-efficient windows
with silica aerogel for energy saving in buildings. Aerogel is a low-density
nanostructured porous material with very low thermal conductivity (about
0.018 W/m K for translucent granular aerogel at room temperature) and excellent
acoustic insulation. It is ideal for energy saving in buildings, also due to its good
optical transparency. The characteristics of the raw material (silica aerogel for
windows: monolithic and translucent granular) are illustrated with general infor-
mation about the production process, the main chemical and physical properties,
and a market overview; then, nanogel windows are discussed and thermal, visual,
and acoustic performance are highlighted. A useful worldwide market overview
about the commercial products and the main manufactures is also included. Finally,
a state-of-the-art review of nanogel windows in building applications is discussed:
the potential of the investigated solutions is described by both experimental results
and simulation models of the aerogel windows performance, referring to different
case studies. Future research, market trends, and costs are also discussed.

3.1 Introduction

The existing building stock was constructed before 1970, especially in Europe and
in the USA: the majority of buildings have high energy consumptions, because of
obsolete HVAC systems and inadequate insulation of the envelope; moreover, the
indoor comfort conditions of the occupants need to be improved. In Italy and in

C. Buratti (X)) - E. Moretti - E. Belloni
Department of Engineering, University of Perugia, via G. Duranti 63, 06125 Perugia, Italy
e-mail: cinzia.buratti@unipg.it

E. Moretti
e-mail: elisa.moretti @unipg.it

E. Belloni
e-mail: belloni.unipg@ciriaf.it

© Springer International Publishing Switzerland 2016 41
F. Pacheco Torgal et al. (eds.), Nano and Biotech Based Materials
for Energy Building Efficiency, DOI 10.1007/978-3-319-27505-5_3



42 C. Buratti et al.

Germany, a great part of building heritage dates before the first energy regulations:
in Germany, about 87 % of residential buildings were built before 1977, and in
Italy, at least 90 % of buildings before 1991 (BPIE 2011; Pérez-Lombard 2008).
Furthermore, current targets of the European Union deal with a 20 % reduction in
greenhouse gas (GHG) emissions, 20 % of energy savings compared to projections,
and a share of 20 % of renewable energies by 2020 (European Community 2009).
Energy efficiency and refurbishment in buildings have been becoming the key
words due to the buildings’ contribution to the global energy consumption
(reaching a value of about 40 % in developed countries) (European Community
2010).

Transparent elements have an important role in buildings in terms of energy
demand, thermal comfort, and daylighting: most of the total energy losses (up to
60 %) can depend on the windows (Jelle et al. 2012), especially in highly glazed
buildings, because the transparent systems have thermal performance lower than the
opaque walls and are influenced by radiation (AbuBakr Bahaj et al. 2008; Buratti
et al. 2012¢; Buratti et al. 2013).

In order to encourage refurbishment of existing buildings towards nearly
zero-energy buildings, innovative materials and solutions should be considered: in
this context, the building and construction industry recently started advancing
conventional building materials or components by using a variety of nanomaterials.
The application of nanotechnology can significantly enhance the performance of
building materials, e.g. in terms of strength and durability, and can add useful
properties, such as self-cleaning fagades, smart windows, and superinsulation
materials (Zhu et al. 2004; Ivanov et al. 2010; Kaushik and Sumathy 2003).
Aerogel is one of the most promising nanomaterials for use in highly
energy-efficient buildings and windows (Jelle et al. 2012; Koebel et al. 2012; Yang
2013; Zhao et al. 2015; Neugebauer et al. 2014; Buratti and Moretti 2013b): it is a
highly porous nanostructured material, with a very low thermal conductivity (down
to 0.010 W/m K in vacuum conditions), and good optical transparency (light
transmittance). Nowadays, aerogels are spreading in the market of building insu-
lation. In the last years, research focussed on more and more low thermal trans-
mittance values, less than 0.3-0.5 W/(m2 K). In this context, vacuum glazings
(VGs) and aerogel windows are considered as the best solutions; nevertheless, VGs
have technical limits and at the same time very high costs: a functional vacuum
insulation panel (VIP) with U-values of 0.1 W/m? K is not available due to the
problem of keeping the glazing gastight. In the last years, many daylighting systems
with translucent granular aerogels in interspace, such as polycarbonate panels,
structural panels for continuous fagades, and insulated glasses, are spreading in the
market, especially in the Northern Europe and in the USA. Nevertheless, advanced
glazing systems with aerogel in monolithic form in the interspace are not yet used in
mass production (Baetens et al. 2011; Rigacci et al. 2004).

This chapter discusses the state-of-the-art development of silica aerogel and
issues to apply this advanced nanostructured porous material in energy-efficient
windows.
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3.2 Silica Aerogels for Windows: State of the Art

3.2.1 Introduction and History

Aerogels were discovered by Kistler eighty years ago, and they are often described
as ‘frozen smoke’ because of their appearance (Aegerter et al. 2011). The material
is a dried gel with nanometer-scale pores (the pore size is typically in the 5-100 nm
range), obtained by means of a very complex synthesis. It is a cross-linked internal
structure of silicon dioxide (SiO,) chains and a large number of very small air-filled
pores: the porosity is higher than 90 %, and it can reach 99 % (Riffat and Qiu 2012;
Cuce et al. 2014a); therefore, the density is in the 50-200 kg/m3 range. The result is
an extremely light solid material, with extraordinary physical, thermal (it has the
lowest thermal conductivity among solid materials, down to 0.010 W/m K), optical,
and acoustic properties, depending on both the silica source and the preparation
process.

The investigated material attracted the attention of researchers in various areas of
science and technology, and several fields of aerogels application could be found in
the literature (Akimov 2003; Baetens et al. 2011; Aegerter et al. 2011; Pierre and
Pajonk 2002; Pajonk 2003): microelectronics; electrical engineering; acoustics; oil
and gas pipelines insulation; and finally space exploration. Aerogel is used as a
thermal insulation material in US spacecrafts.

3.2.2 Synthesis

Several products have been developed using different raw materials, the most
common of which is silica. Inorganic silica-based aerogels (which are used in
building applications) are obtained from a gel by replacing the pore liquids with air
and maintaining the network structure.

The production process of silica aerogel consists of three general steps, which
are summarized as follows (Pierre and Pajonk 2002; Dorcheh and Abbasi 2008):

e gel preparation: in the sol-gel process, the precursors (such as tetram-
ethoxysilane (TMOS, Si(OCHj3), and tetraethoxysilane (TEOS, Si(OC,Hs)4))
are dispersed in a liquid, where the solid nanoparticles form a solid
three-dimensional network through the liquid. Acidic or basic catalysts are
usually added in the process. A simplified reaction for silica aerogel synthesis is
as follows:

Si(OCH3), + 2H,0 < SiO, + 4CH;0H (3.1)

e gel ageing: the gels are usually aged before drying, in order to increase the
stiffness and strength and to mechanically reinforce the tenuous solid skeleton
after the sol-gel process;
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e gel drying: it is the most critical step of the process, because the solid framework
of the sol-gel should be isolated from liquid, and the structure can collapse or be
fractured, due to the capillary pressure. Two different methods are usually
carried out: ambient pressure drying (APD) and supercritical drying (SCD),
where the capillary tension can be avoided by removing the liquid above the
critical temperature and pressure. For building applications, monolithic aerogels
are manufactured with a low-temperature supercritical drying (LTSCD) process.
The APD process was nevertheless studied in order to lower the production
costs, and it is today the most promising technique. As final remark, during the
synthesis, the drying phase is the most energy consumption step and could have
a great impact on the environmental features of aerogels (Dowson et al. 2012a).

A more detailed analysis of the synthesis process and of the recent developments
could be found in the literature (Dorcheh and Abbasi 2008; Aegerter et al. 2011;
Gurav et al. 2010; Koebel et al. 2012; Blaszczynsk et al. 2013; Buratti and Moretti
2013b).

3.2.3 Physical, Mechanical, and Thermal Properties

The physical, mechanical, and thermal properties of silica aerogels strongly depend
on the production process, such as the process methodology and the substances
used (catalyst, solvent, and silica precursors) (Tajiri and Igarashi 1998; Anderson
et al. 2009; Pajonk 2003). Therefore, the physical, mechanical, and thermal char-
acteristics can vary in a wide range, especially depending on the considered form
(Parmenter and Milstein 1998).

In the building insulation material sector, silica aerogels were developed in two
main forms (Fig. 3.1).

e translucent granular, consisting in translucent granules (grain size in the
0.5-4 mm range typically), used in the interspace of advanced glazing windows
or skylights;

Fig. 3.1 Silica aerogels:
granular (left) and monolithic
pane (right)
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e transparent monolithic panels, used for superinsulating windows (also in vac-
uum conditions). Nevertheless, cracks could occur during manufacturing large
pieces of monolithic silica aerogels, and therefore, glazing systems with aerogel
panes are only used in research.

Moreover, opaque silica aerogel-based materials appeared on the market.
Flexible blankets are available in order to reduce the envelope thermal bridges; the
blankets are obtained by adding fibres in the gel before the drying process (Cabot
Corporation, Boston, MA, USA; Aspen Aerogels Inc., Northborough, MA, USA).
The thermal conductivity is about 0.013 W/m K, but the cost is about 10 times
higher than a conventional material with similar performance.

Finally, in the last few years, aerogels are investigated as additives for high
thermal performance coatings or construction materials, such as aerogel-based
plasters and concrete (Buratti et al. 2014, 2016; Ng et al. 2015).

Researchers focussed their attention on silica aerogels especially because of their
excellent thermal properties: the thermal conductivity is the lowest among solid
materials, and it varies in the 0.004 W/m K (evacuated monolithic silica aerogel)—
0.018 W/m K (granular silica aerogel) range, at room temperature (Koebel et al.
2012). The low thermal conductivity depends on the low density and the pores size:
conductive and convective heat transfer in gas is limited by the small pores, while
conduction in the solid network is limited by the low density, which offers a
reduced number of pathways (Baetens et al. 2011; He and Xie 2015; Bouquerela
et al. 2012).

Because of their structure, aerogels are less stiff and strong than the open-cell
foams or solids: the tensile strength is negligible, and the compressive strength and
the elastic modulus are very low. Their fragility, due to the low density and the
solid distribution, is the main limitation (together with cost) that has prevented
aerogels from becoming more widely used.

The contact with water must be avoided for monolithic aerogels: in commercial
applications, aerogel may be used in vacuum conditions, with evident advantages in
terms of thermal insulation.

Finally, when considering safety, the material is not carcinogenic,
non-flammable, and non-reactive (Baetens et al. 2011).

The main physical properties are summarized in Table 3.1 (Riffat and Qiu 2012;
Buratti and Moretti 2013b; Baetens et al. 2011).

3.2.4 Market Overview

The first commercial aerogels were produced by Monsanto Chemical Corporation
(USA) after 1940, following the Kistler’s procedure. Then, the production was
stopped between the 1960s and restarted in the last two decades: nowadays, it is
located in USA, Europe (Sweden, Germany), China, and Japan.
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Table 3.1 Physical properties of silica aerogels for building applications

Properties

Values range

Pore diameter

5-100 nm (about 20 nm in general)

Porosity 85-99.8 % (>90 % in general)
Density 50-200 kg/m> (about 100 kg/m® in building applications)
Typologies * Opaque (blankets, opaque granules, or powder as additive for coatings or concrete)
* Translucent granules
* Transparent monolithic panels
Thermal 0.008-0.020 W/m K (depending on type, temperature, pressure, and production
conductivity process); typical values:

* Blankets: 0.013 W/m K
* Granular: 0.018 W/m K at room temperature
* Monolithic: 0.010 W/m K (vacuum conditions at room temperature)

Sound speed

40 m/s (monolithic)—300 m/s (granular)

Surface * Granular: fully hydroscopic

chemistry * Monolithic: contact with water must be avoided

Mechanical Negligible tensile strength, compressive strength, and very low elastic modulus
Safety Not carcinogenic, non-flammable, and non-reactive

Most granular translucent aerogels are manufactured by Cabot Corporation
(Boston, USA), which developed an innovative manufacturing process and allowed
a production on large scale since 2003 in a plant in Frankfurt, Germany; it can
produce about 10,000 tonnes per year (Werner and Brand 2010; Aegerter et al.
2011). Two commercial products are available on the market (Table 3.2):
LUMIRA® aerogel (formerly Nanogel® aerogel), designed to optimize light
transmission in architectural daylighting applications, and ENOVA® aerogel,
engineered for chemical applications as additive (such as insulation coatings).

The most well-known manufacturer of monolithic aerogels is Airglass AB
(Sweden); other laboratories or companies currently involved in developing

Table 3.2 Properties of granular silica aerogels manufactured by Cabot Corporation

Name

Particle size

Thermal Price

conductivity

Density (kg/m?) Application

Enova®

2 um—1.2 mm

0.012 W/m K
(at 25 °C)

125-150 Additive for

coatings

35-55%/1

. 3
Lumira®

0.7-4 mm

0.018 W/m K
(at 12.5 °C,
bulk

density = 85 kg/m?)
0.023 W/m K (at 12.5 °C, bulk density = 65 kg/m*)120-150Translucent windows20—-25$/IAdapted
from Cabot Corporation
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monolithic panels are as follows: Japan Fine Ceramics Center, Aerogel
Technologies, Gyroscope, Guangdong Alison Aerogel, and Surnano Aerogel Inc.
(Berardi 2015). Recently, also Aspen Aerogels seems engaged in the development
of reinforced and highly translucent monolithic aerogel for ‘aerogel window’
applications, but the technology is currently under study due to the difficulty to
produce monoliths of high optical quality.

3.3 Performance Assessment of Aerogel Glazing Systems

3.3.1 Literature Review

Silica aerogels, monolithic and granular translucent ones, can be used in order to
obtain high-insulated nanogel windows, thanks to excellent thermal insulation
properties and good light transmission.

Transparent monolithic panes were developed 20-30 years ago in Sweden by
Airglass AB; nevertheless, advanced glazing systems with monolithic aerogel have
still not penetrated the market and only some prototypes were manufactured for
research purposes. Nowadays, this technology is still under evaluation due to the
difficulty to produce large monoliths with high optical quality. For these reasons,
the building applications focus on glazing systems with granular aerogels.

Duer and Svendsen (1998) presented the main results of a research project
founded by the European Commission, aiming to evaluate the benefits and penalties
of monolithic aerogel glazings. In this study, the authors discussed a prototype of
450 x 450 mm? size, made under vacuum conditions, and the aerogel pane was
inserted between two glasses with low-iron covers and antireflection coating. They
reported the main measurements of thermal and optical properties of prototypical
evacuated aerogel double-glazed units. Then, Schultz and Jensen (2008) evaluated
the thermal-energy performance of evacuated aerogel glazings, with particular
attention to the evacuation and assembling process (Fig. 3.2a). Additionally, Jensen
et al. (2004) studied the heat loss coefficient and the solar transmittance of several
prototypes of aerogel sheets developed during the HILIT European project.
Nevertheless, the optical quality had a disturbance in the view through, because of a
significant diffusion of the light. Some problems have yet to be solved: the pro-
duction process is too difficult to allow large aerogel panes without defects, cracks,
inhomogeneities, and too expensive. In particular, producing large monolithic
aerogel panes is a great challenge, due to the fragility of large monolithic sheets,
and the maximum size of a crack-free panel is 0.6 m % 0.6 m. In this view, Berardi
(2015) recently presented the development of a monolithic aerogel double-glazed
unit for a retrofitting project in an educational building located in a cold climate.
The study focused on the energy and daylighting analysis with different aerogel
configurations, considering typical New England windows, which consisted of 25
individual glass panels, each with dimensions of 0.4 m x 0.3 m.



48 C. Buratti et al.

Fig. 3.2 Example of aerogel glazings: a evacuated prototype with monolithic aerogel (Schultz and
Jensen 2008); b prototype of a PMMA system with granular aerogel installed on ZAE building in
Wiirzburg (Reim et al. 2005)

Important developments of the research about granular aerogels for energy
efficiency applications in buildings were illustrated by Reim et al. (2005). In this
work, the authors measured the heat transfer coefficients and the solar energy
transmittance of granular silica aerogel glazings. The set-up of systems with
granular aerogel was also carried out in Reim et al. (2002) who proposed to include
aerogel granules in sandwich structures, i.e. between PMMA panels (Fig. 3.2b).
Buratti and Moretti (2012a) carried out an in-lab campaign on aluminium frame
window prototype with silica granular aerogel in glazing interspace, showing good
acoustic properties and excellent thermal performance. The same authors (Buratti
and Moretti 2011b, 2012b) assembled several glazing samples with aerogel in
interspace (monolithic and granular aerogel, different thicknesses, and kind of glass
layers) in order to evaluate thermal and optical performance of the proposed
solutions. The impact of particle size in insulating glazing units with silica aerogel
granules was also investigated by Gao et al. (2014), considering both thermal and
optical performance. Additionally, Thara et al. (2015a) investigated the influence of
convection on thermal performance of granular-filled double glazing systems.

Interesting applications of silica aerogels are in evacuated solar collectors, for
their capability to reduce the thickness of conventional flat-plate collectors and to
decrease the heat loss by about 40 % (Dowson et al. 2012b). Moreover, the
application of silica aerogel in passive Trombe walls for the retrofitting of the
existing buildings in UK was investigated by Dowson et al. (2014), demonstrating
that small areas of Trombe wall with aerogel can provide a useful energy contri-
bution, without creating a significant overheating risk.

Therefore, the development of glazing systems with aerogel is still at the
research stage; in the meantime, many daylighting systems with translucent
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granular aerogel in interspace are available on the market (Rigacci et al. 2004), as
reported in Sect. 3.3.5. The main findings (in terms of thermal, visual, and acoustic
performance) of the above-mentioned studies are discussed in the following
paragraphs.

3.3.2 Thermal Performance

Thermal performance of monolithic aerogel windows was experimentally evaluated
only on few prototypes developed in European research projects, showing excellent
properties with moderate thickness (Schultz et al. 2005). Aerogel glazing prototypes
were made under vacuum conditions including transparent insulating silica aerogel
tiles (thickness about 15 + 1 mm, 55 x 55 sz); a rim seal assured a barrier against
atmospheric air and water vapour, and low thermal bridge effects were obtained.
The centre U-value, measured by means of a hot-plate apparatus, was below
0.7 W/m? K, with an estimated thermal conductivity of 0.010 W/m K for the
aerogel pane. Moreover, the solar transmittance is high for windows with mono-
lithic aerogels: the measured value for the monolithic window prototype (15 mm
aerogel) was higher than 75 % (Jensen et al. 2004), and the U-value was equal to
the best triple-layered gas-filled glazing units (U < 0.6 W/m? K).

Thermal properties of granular aerogel glazing systems are significantly affected
by aerogel thickness and particle size (Gao et al. 2014a), as shown in Fig. 3.3. In
general, small aerogel granules (i.e. Aerogel-AS, blue line in the Fig. 3.2) have a
lower thermal conductivity than that of the large ones (i.e. Aerogel-AB, red line).
Moreover, a significant reduction in U-value was observed by incorporating the
aerogel granules into the cavity of double glazings. WIN-AB and WIN-AS in
Fig. 3.3 showed 58 and 63 % reduction, respectively, in heat losses when compared
to a conventional double glazing unit with the same interspace thickness (14 mm),
but with air instead of aerogel granules.

Fig. 3.3 Influence of 1.6
thickness and particle size
(Aerogel-AS: small granules,
blue line; Aerogel-AB: large
granules, red line) of aerogel
on thermal performance (Gao
et al. 2014a)

U-value (W/(m?K))

0.0 T T T
15 30 45 60

Aerogel layer thickness (mm)
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In order to give an idea about the expected thermal performance, Buratti and
Moretti (2012) reported that a glazing consisting of 14-mm-thick layer of aerogel
granules (size 0.5-3 mm) and two glass panes had a U-value of about 1 W/(m2 K).
When the aerogel thickness increases up to 60 mm, a U-value of 0.3 W/(m* K)
could be achieved (Gao et al. 2014a; Thara et al. 2015a).

Compared to conventional glazings, granular aerogel systems have also signif-
icant benefits when they are used as roofs solutions: U-values are not dependent on
the tilted angle to vertical plane, such as in the gas-filled glazings (air, argon, or
krypton) which have a worse behaviour when used as roofs instead of vertical
panels (Fig. 3.4). In general, the centre-of-glass U-value increases when a window
is tilted from the vertical to the horizontal position, whereas the aerogel granulate
windows showed the opposite results, as confirmed experimentally by Thara et al.
(2015), suggesting that the thermal performance of aerogel granulate glazing sys-
tems is not affected by convection in the cavity.
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3.3.3 Visual Performance

The optical properties of silica aerogels are very interesting for building applica-
tions, and they are widely investigated in the literature.

The light transmittance of a 10 mm thickness of monolithic aerogels is high and
similar to the one of a 6-mm-thickness clear float glass (considering an aerogel
pane); its solar transmittance is also high and equal to 0.88. Nevertheless, the
quality of the vision through the material is poor and optical images could be hazily
deformed (Fig. 3.5). When transmitted through the material, the radiation is scat-
tered, according to the Rayleigh theory, causing reddening of the transmitted light
and the bluish appearance of the reflected light (Duer and Svendsen 1998; Baetens
et al. 2011; Jensen and Schultz 2004; Reim et al. 2004, 2005; Buratti and Moretti
2011a, b, 2012a, b, Fu et al. 2015). In general, optical properties of aerogel
monoliths are strongly influenced by the production process (Tajiri et al. 1998), and
the transparency has been improved in the last years.

Granular aerogels light transmission is about 80 % (10 mm thickness, Cabot),
lower than the one of the monolithic samples with the same thickness. It decreases
by 20 % for each 10 mm thickness increasing. Optical properties, such as thermal
transmittance, are significantly affected by the particle size of the aerogel granules
(Gao et al. 2014). A 38 % reduction in light transmittance was observed with large
aerogel granules in the interspace (particle size 3-5 mm) when compared to a

Fig. 3.5 Aerogel effect on the vision by comparing the double glazed unit with and without the
monolithic aerogel panel (Berardi 2015)
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Fig. 3.6 Effect of granular
aerogel on the vision through
a window (Huang and Niu
2015a)

conventional double glazing, while the reduction is 81 % with small aerogel
granules (particle size < 0.5 mm). It is known that small particles usually scatter
light more efficiently than the large ones do, increasing the reduction in visible light
transmittance.

The vision through granular aerogel window is in general limited (Fig. 3.6);
nevertheless, it could be preferred in some situations, because the light gets very
deep in the room, reducing significantly glare problems in facade or skylight, due to
the high diffuse component of the transmitted light. When conventional double
glazing has a very low diffuse transmittance, aerogel windows are indeed highly
diffusing, as shown in the literature (Buratti and Moretti 201 1a, b; Gao et al. 2014).
Granular systems with small granules have a total transmittance almost identical to
their diffuse transmittance (Gao et al. 2014).

Finally, the quality of the transmitted light through the glazing can be evaluated
by the general colour rendering index R,, as defined in CIE (1964). Experimental
results from Buratti and Moretti (2012a) showed a very good quality for glazing
systems with aerogel in interspace (R, > 90). It is lower than the one of windows
with air in interspace (R, = 98 with float glasses), but it is equal to 93 for float
glasses and granular aerogel (14 mm) and to 92 with monolithic aerogel. With a
low-e glasses and granular aerogel, R, downs from 94 to 90-91.

3.3.4 Acoustic Performance

The acoustic properties of silica aerogels are also very interesting.

Figure 3.7 shows the sound absorption coefficient of several systems for 20 mm
thickness. The sound absorption properties of aerogel granules (Lumira) are sig-
nificant, especially at low frequencies; the behaviour can be modified by changing
both the mechanical properties of the material as well as the particle size
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Fig. 3.7 Sound absorption coefficient of granular aerogel: comparison with other systems, 20 mm
thickness (leff), and influence of particle size distribution (righf) (Adapted from Lumira®
Consortium 2015)

distribution: adding low-density milled particles, the maximum absorption shifted
to higher frequencies (Lumira®™ Consortium 2015).

The efficiency of granular silica aerogels as sound insulators is also shown in the
literature (Forest et al. 1998, 2001), while the acoustic performance in windows is
discussed in Buratti and Moretti (2012a) and Cotana et al. (2014). When used in
interspace of glazing systems, granular aerogel can improve the sound insulation of
the building envelope, due to the increase in the sound reduction index (R, EN 140),
which affects the noise transmitted through the windows. The presence of granular
aerogel (15 mm thickness between two float glasses, each one 4 mm thickness)
increases the sound reduction index values in all the frequency range (100-500 Hz),
especially in the central one (500-2000 Hz), with respect to the same glazing with
air in interspace. In a prototype of aluminium frame window with two mobile
shutters, the weighted sound insulation index R,, (EN ISO 717-1, 2007) increases
3 dB (from 34 to 37 dB) with a conventional double glazing with granular aerogel
in interspace instead of air, confirming very interesting acoustic insulation prop-
erties of silica aerogels (Buratti and Moretti 2012a). The results of in-lab studies
were also confirmed by in-field investigation, considering the performance of a
facade of a prototype building, by comparing windows with and without aerogel
(Cotana et al. 2014). The facade weighted sound insulation index was measured:
due to aerogel, it was increased by 3 dB, i.e. from 28 to 31 dB. In order to further
improve the acoustic performance of the window, the authors recommended inte-
grating granular aerogel into laminated glasses with special acoustic polyvinyl
butyral (PVB) layer.

3.3.5 Market Overview

The granular translucent aerogel (manufactured by Cabot) is supplied to various
partners in the USA and Europe, which developed and commercialized different



54 C. Buratti et al.

Fig. 3.8 Example of the application of Lumira® aerogel in polycarbonate sheets (Gymnasium at
BBS Mainz, outside and inside view of the building. Courtesy of Roda—EMB, Germany)

aerogel daylighting systems for buildings. The most popular commercial systems
are multiwall polycarbonate panels for skylights, roofs and walls (Fig. 3.8),
structural panels for continuous fagades, insulated glass units, U-channel glass
(self-supporting systems of glass channels with an extruded metal perimeter frame),
and finally tensile structures and roofing (Moretti et al. 2014).

A wide range of properties for granular translucent aerogels daylighting systems
can be found on the manufacturers’ technical data, depending on the retaining
structure (glasses, low-e glasses, PMMA, polycarbonate) and on the thickness of
granular aerogel (see Table 3.3): for thickness higher than 50 mm, the U-value can
be lower than 0.5 W/m? K.

3.4 Building Applications of Nanogel Windows

3.4.1 Introduction

Aerogel windows were found to have an important role in improving both thermal
performance and daylight in fenestration industry, because of very low conduc-
tivity, high acoustic insulation and light transmission, and low weight. A wide
number of applications of daylighting systems with granular aerogels could be
found in schools, commercial and industrial buildings, airports, etc., especially in
USA and in Europe (Lumira® Aerogel Consortium 2015). An example of a recent
application as wall system in a multifunctional building (consisting of a home, an
office, a workspace, and a retail environment) is shown in Fig. 3.9. Technical Glass
Products’ Pilkington Profilit™ channel glass systems, insulated with Lumira®
aerogel-filled multiwall polycarbonate panels (thickness of 16 mm), were used to
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Fig. 3.9 Example of the application of aerogel in polycarbonate sheets in a multifunctional
building in Seattle, Washington’s Freemont District, Building 115 © William Wright
Photography. Image courtesy of Technical Glass Products

diffuse natural light and to provide thermal and acoustic insulation. Granular
aerogel is also successfully integrated in skylight systems (Fig. 3.10).

The key results from the literature review about building application of nanogel
windows and their benefits are discussed in the following paragraphs, highlighting
the recent developments.

3.4.2 In Situ Performance of Granular Aerogel Windows

The potential of high-performance translucent granular aerogel systems in buildings
is discussed in the literature by means of building energy simulation tools or
calculations, whereas the experimental investigation in buildings is limited to few
cases: an experimental investigation was carried out by Dowson et al. (2011) on a
prototype polycarbonate panel filled with granular aerogel for a building retrofitting
in UK. Thermal-energy, acoustic, and lighting performance of innovative glazing
systems with granular aerogel in interspace was evaluated through in-field exper-
iments in two dedicated prototype buildings located at the University of Perugia, in
central Italy (Cotana et al. 2014).
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Fig. 3.10 Application of
aerogel in skylight systems
(16 mm clear polycarbonate
with Lumira Aerogel):
Lafarge Cement Reception
hall, UK (Courtesy of Roda—
EMB, Germany)

In order to retrofit an office building in London, two prototypes, consisting of a
clear twin-wall polycarbonate sheet filled with granular aerogel in interspace (6 and
10 mm aerogel thickness, respectively), were inserted in a test window (simple
glass), sealed around the edges. A 15-mm air gap was created between the panels
and the existing glazing (Dowson et al. 2011). In situ U-values of the prototypes
and the control panel were estimated by measuring external and internal tempera-
tures. Light transmission was also measured by means of lux sensors in the centre
of each panel. Results of in situ monitoring campaign (from 20 February 2010 to 1
March 2010) showed an excellent behaviour of the investigated solutions. The heat
flux reduction was about 73 % for 6-mm aerogel panel and of approximately 80 %
for the 10-mm aerogel panel; at same time, the reduction in light transmission was
acceptable: light transmission values through the 6-mm aerogel panel, 10-mm
aerogel panel, and the control simple glass were 58, 51, and 73 %, respectively.

Silica aerogel glazing system [double glazing with 15 mm aerogel in interspace,
grain size in the 0.07-4 mm range: measured thermal transmittance equal to 1 W/
(m® K)] was integrated into a wood frame window and installed on the south fagade
in full-scale experimental building prototypes (Cotana et al. 2014, Fig. 3.11a).

The results of a continuous thermal-energy monitoring (winter 2013) showed the
aerogel capability to keep the indoor thermal conditions more constant, in moderate
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Fig. 3.11 View of the silica granular aerogel window prototype installed on the test room (a);
effect of the aerogel on the indoor temperature decreasing after heating system switching off
(b) (Cotana et al. 2014)

climate conditions (Perugia, Central Italy). Indoor temperature decreases less than
3 °C, even several days after the heating system switching off (free-floating regime),
whereas the conventional glazing system immediately tended to lower indoor air
temperature up to the outdoor temperature values (Fig. 3.11b), by registering a
strong decrease (about 6 °C during the first day). In thermal control regime (heating
system is turned on), a decrease in energy consumption for heating up to 50 % was
observed when the outdoor air temperature is not severe, e.g. during milder winter
days with outdoor air temperature around 10 °C, while this difference was negli-
gible at lower outdoor temperatures, less than 5 °C. Analysis of internal glass
surface temperatures showed that the effect of aerogel consisted in lowering the
maximum thermal peaks during the day and in keeping the internal surface tem-
perature warmer during the night. The comparison between the lighting conditions
of the scenario with aerogel with respect to the scenario with no aerogel showed
that the aerogel was able to lower the daily average illuminance level by about 36—
47 % during cloudy days, while its effect was lower in sunny weather conditions
(less than 10 %). Finally, acoustic analyses results confirmed good performance of
aerogel (increasing of acoustic insulation level of the facade previous) (see
Sect. 3.3.4).

3.4.3 Numerical Analysis

The energy benefits of aerogel glazings have been investigated numerically since
2002 (Reim et al. 2002). In the German climate, during the heating period (15
September to 15 April), translucent aerogel glazings (16-mm-thick double-skin
sheet filled with granular silica aerogel, two low emissivity coated glasses and gas
filling, U-value = 0.4 W/m? K, solar factor: g = 0.3) mounted into a north-oriented
facade showed the lowest thermal losses when compared to a triple glazing window
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(U-value = 08 W/m> K, g = 0.6) and to an opaque insulation (U-
value = 0.2 W/m? K).

The influence of monolithic aerogel windows on the heating energy consump-
tion was also evaluated through simulations for a typical single-family house in
Denmark (Schultz and Jensen 2008). An aerogel glazing with 20-mm aerogel
thickness, resulting in a centre U-value of 0.5 W/m* K and a g-value equal to 0.75,
was considered, and the results were compared to a triple-layered argon-filled
glazing with two low-e coatings (U = 0.6 W/m” K and g = 0.46). The annual energy
saving with aerogel glazing was approximately 1200 kWh/year, corresponding to
19 % of the energy for triple glazing (space heating demand equal to
5040 kWh/year for aerogel, 6220 for triple glazing). In a low-energy house (space
heating demand < 15 kWh/m?®/year), the energy savings was approximately
700 kWh/year, corresponding to 34 % of annual space heating demand (about
2070 kWh/year). Nevertheless, in southern climates, the increase in cooling needs,
due to the higher solar factor, diminishes the advantage of aerogel glazing, and in
some cases, higher global energy consumption during the year could be obtained
(Buratti and Moretti 2013).

Recently, Wang et al. (2014) performed a feasibility analysis of five types of
glazings (3 conventional glazings and two granular aerogel systems) in five climate
zones of China (Harbin, Beijing, Shanghai, Guangzhou, and Kunming) by means of
eQuest code. Results showed that aerogel glazing systems lead to the lowest total
heating and cooling loads in the four cities and close to the lowest total heating and
cooling loads in Kunming (temperate climate). The energy saving of the aerogel
glazing system compared with the clear glass was 20 % in Harbin and 11 and 9 %
in Beijing and Shanghai, respectively. Therefore, the aerogel glazing system could
be feasible for the building energy consumption reduction in all the considered
zones in China, especially in severe cold region.

Buratti and Moretti (2013a) investigated the influence of glazing system on
energy performance of a multifunctional building, consisting of one basement and
two floors with ten zones each floor, in six different cities around the world (Rome,
London, Moscow, Helsinki, Ottawa, and Beijing). Seven different glazings were
considered: conventional glazings (single, double glazing system; low-e double
glazing and low-e triple glazing) and innovative systems with silica aerogel gran-
ular and monolithic in interspace (Fig. 3.12). Glazings with monolithic aerogel in
interspace result as the most efficient systems for cold climates: in Ottawa, the
annual energy demand decreases of about 22-27 % when compared to the standard
glazings (Fig. 3.12a). Nevertheless, due to the high solar factor (g), the energy
demand for cooling increases for monolithic aerogel windows, especially in tem-
perate climates (Fig. 3.12b). The energy demand for cooling is minimum for the
granular aerogel glazing system with 40 mm thickness, due to the low solar factor
(i.e. 0.25): the cooling energy saved is 25 % (7 kWh/m?/year) for Beijing and 38 %
for Ottawa (about 5 kWh/m?/year) with respect to the standard double glazing. In
general, granular aerogel glazing systems could be therefore considered the best
solutions in terms of annual energy demand reduction, especially in cold climates,
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(a) 120 1-STANDARD GLAZING OLD BUILDING: Single pane 6 mm
115/ ®2-STANDARD DOUBLE GLAZING: 4 mm - 15 mm (air) - 6 mm
#3-LOW-E DOUBLE GLAZING: 4 mm - 15 mm (Argon 90%) - 4 mm low-e
10— 4-PC PANEL WITH GRANULAR AEROGEL (25 mm)
105  ®5-PC PANEL WITH GRANULAR AEROGEL (40 mm)
® 6-MONOLITHIC AEROGEL: 4 mm — aerogel 20 mm — 4 mm
100" =7-TRIPLE GLAZING: 4 mm low-e - 15 mm (argon 90%) - 4 mm - 15 mm (argon 90%) - 4 mm low-e
o
-
<
BEUJING HELSINKI LONDON MOSCOW OTTAWA ROME
(b) 36
o
-
<

BEIJING HELSINKI LONDON MoSscow OTTAWA ROME

Fig. 3.12 Annual energy demand for heating (a) and cooling (b) for the six cities and for seven
different kinds of glazing (Adapted from Buratti and Moretti 2013a)

resulting in a reduction in the 10-20 % of range with respect to standard double
glazing system.

Huang and Niu (2015a) evaluated the influence of the investigated glazing
system on the energy performance of HVAC systems in humid subtropical
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cooling-dominant climates (Hong Kong). An EnergyPlus yearly based simulation
was carried out for a typical commercial building, and the aerogel glazing perfor-
mance was compared with a conventional glazing one. With respect to the reference
case, aerogel glazing systems can reduce the total annual space cooling load (from
April to October) by around 4 %, while the reduction could be around 60 % only
considering the heat gain from the envelope. The annual cooling load reduction was
almost the same the one achieved by the application of a shading-type low-e
glazing, which indicates that silica aerogel glazings could be a suitable solution also
in cooling-dominated climates. The same authors (Huang and Niu 2015b) also
evaluated the energy performance taking into account different control strategies
(indoor temperature control, operative temperature control, and occupant’s PMV
control), and they investigated the influence of aerogel glazing systems on visual
performance for the same case study. The illumination level and distribution on the
working plane (0.8 m height) and the human sensitivity towards the glazing surface
(which is translucent due to aerogel) were investigated using radiance, considering
two configurations. In the first case (case C), the conventional glazing was com-
pletely replaced with the silica aerogel glazing. In the second solution, the upper
part and the lower part of the window were replaced by the silica aerogel glazing,
while conventional single clear glazing was considered for the middle part in order
to allow the view of the outdoor environment (case B, Fig. 3.13a).

Due to aerogel, the illumination level diminished, especially next to the window;
however, the overall illumination level within the office was still satisfactory, also
in the case C (Fig. 3.13b). Furthermore, the bright zone near the window area was
significantly weakened, and the area of glare was reduced, improving visual
comfort conditions (Fig. 3.13c). Results showed that the combination of conven-
tional glazing and silica aerogel glazing could be a suitable solution, also according
to Berardi (2015), which investigated monolithic aerogel-glazed windows for a
retrofitting project of an educational building in Central Massachusetts. Four con-
figurations with the different rates of aerogel replacements were considered (40, 60,
80, and 100 %, Fig. 3.14a), and the energy demand was evaluated: the heating
energy consumption decreased linearly with increasing the aerogel proportion in the
windows, whereas the cooling energy consumption kept almost stable with per-
centages of aerogel above 60 % (Fig. 3.14b). Nevertheless, the daylight analysis
performed with DIVA indicated that the 60, 80, and 100 % aerogel windows could
have a poorer effect over the daylight availability. Furthermore, the window with
40 % aerogel panels could improve the Useful Daylight Index (UDI, as percentage
of time in which the daylight illuminance level is sufficient and useful for occupant)
when compared to conventional solutions. Consequently, a 40 % aerogel window
could be a good compromise, because it reduces the energy consumption simul-
taneously improving the daylight availability.

As final remark, from an energy saving perspective, the literature review showed
that aerogel granulate glazing systems have the potential to become a solution in not
only cold climates, but also in hot and warm ones. In a study by Ihara et al. (2015b),
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(a)
Silica aerogel glazing, 600mm
Conventional single clear glazing, 800mm Glazing area on
the external wall
Silica acrogel glazing, 600mm
(b)
i |
B B
3 5 O [ E B
A. Base Case B. Combination Case C. Aerogel Case
(©)

A. Base Case B. Combination Case C. Aerogel Case

Fig. 3.13 Visual performance of aerogel windows: the second considered aerogel glazing (B:
combination case) (a) impact on indoor illumination level in a south facing office at 12 am, 17 July
(b) and on human sensitivity towards window (c¢) (Huang and Niu 2015b)

the energy performance of aerogel granulate glazing systems was evaluated by
considering an office facade consisting of a translucent aerogel granulate glazing
system at spandrels in three different cities (Oslo, Tokyo, and Singapore). The
simulation results indicate that aerogel glazing facade can achieve a lower energy
demand than a conventional solution (double glazing fagade), also in
cooling-dominated climates, such as Tokyo (warm) and Singapore (hot). The
benefit is achieved by using aerogel glazing systems at spandrels, without any
shading system. Triple glazing systems further reduce energy demand, even in hot
and warm climates, whereas aerogel glazing systems are not effective when com-
pared to triple glazing systems in such climates. However, the combination of
aerogel glazing systems at spandrels and triple glazing systems at the visible part in
a facade was indicated as the best solution in terms of energy performance.
Finally, a comparison of different facades performance, also including aerogels
at spandrels, was performed taking into account energy (numerical evaluation by
simulations), daylighting availability, construction efficiency, and durability
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Fig. 3.15 Comparison of different facades performance according to IThara et al. (2015b)

(comparison based on conjecture). Aerogel facade could allow better energy per-
formance than a double glazing facade and could achieve similar energy perfor-
mance as a concrete facade, increasing simultaneously the daylight amount

(Fig. 3.15).
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The discussed findings suggest the investigation of new architecture techniques
in order to include granular aerogel in the facades.

3.5 Economic Assessment and Future Trends

Based on the presented results, daylighting insulating systems with translucent or
transparent silica aerogel seem to have the highest potential in fenestration market
together with VIPs: the U-values can amount to 0.1 W/m* K, depending on
thickness and technology. Nevertheless, VIP panels have problem of keeping the
glazing gas-tight and very high costs. Moreover, aerogel windows have further
advantages, such as acoustic insulation and lightness, and they can be easily used as
roof solutions, especially in industrial buildings.

The investigated solutions are suitable in building refurbishment and could
contribute to reduce the energy consumption in existing buildings, without sub-
stantially reducing the light transmission. As shown in the literature review, glaz-
ings with monolithic aerogel in interspace are the most efficient systems for very
cold climates, because they have a very low thermal transmittance and a high total
solar energy transmittance, even if the energy demand for cooling could increase,
especially in temperate climates. Nevertheless, before considering a real spreading
in the market, the research should take into account two main issues: improve the
optical performance, i.e. the phenomenon of light scattering, that reduces optical
quality of vision through the material, should be limited, and make progress in the
production process, in order to manufacture large sheets of monolithic aerogels
avoiding crack.

Therefore, in general, granular aerogel glazing systems could be considered the
best solutions in the short and medium term, and they have the potential to become
a solution not only in cold, but also in warm climates.

Since windows should last 20-50 years, the durability of nanogel windows
should be properly addressed. Gao et al. (2014a) highlighted that aerogel granules
may loss, partly or totally, the surface hydrophobicity during their service life,
especially considering small-sized aerogel granules, if prepared from the large
granules via grinding. Therefore, future studies should focus on the ageing effect of
aerogel granules, due to moisture and solar radiation. Furthermore, a problem
concerning the stability of granular aerogel windows was observed. Being a particle
aggregation system, the volume of the aerogel granules tends to shrink along with
time to reach the highest possible packing density, causing an air gap inside the
glazing system, which becomes a thermal bridge and decreases the thermal insu-
lation performance (Gao et al. 2014a).

Even though aerogel windows had a lot of extraordinary properties, they need to
be more cost effective in order to compete with the conventional solutions.
A reference market price for a cubic metre of granular silica aerogel is on the order
of 3500 US$ (the price depends on the grain size and on the quantity), but it could
drop below the 1500 US$ by the year 2020, due to the expected spreading in the
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market. It means that a 15-mm thickness interspace filled with granular aerogels
could have now a cost of about 50 US$/m? that could become 22.5 US$/m* in
2020. However, the cost of an aerogel window could be up to six times than a
conventional window (Cuce et al. 2014b), and it is the main barrier to overcome in
the near future for a wide-scale use.

Finally, the research on silica aerogel for windows recently touched upon the
possibility of achieving high-performance glass materials using silica aerogels (Gao
et al. 2014b). Glass materials were successfully prepared by sintering monolithic
silica aerogel precursors at high temperatures, achieving lightweight (density in the
1.60-1.79 g/cm® range) and insulating glass materials. The thermal conductivity is
about 0.17-0.18 W/m K compared to about 1 W/m K for a float glass, together with
high transparency (the light transmittance is 91-96 % at 500 nm). During the
densification process at high temperatures, the mechanical strength of aerogel glass
materials was also enhanced (up to three orders of magnitude when compared to
silica aerogel), but probably it is still not sufficient for the application in glazing
systems. Due to the obtained structural and functional features, innovative aerogel
glass materials are very attractive for future window glazing applications, even if
further studies are still necessary to improve the material performance, to investi-
gate the manufacturing process at large scale, and to assess the economic feasibility.
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Chapter 4

Thermochromics for Energy-Efficient
Buildings: Thin Surface Coatings
and Nanoparticle Composites

Yu-Xia Ji, Mats Boman, Gunnar A. Niklasson
and Claes-Goran Granqvist

Abstract This chapter outlines the state of the art of the thermochromic glazings
that are able to provide energy efficiency by letting in more solar energy at a low
temperature than at a high temperature, thereby leading to diminished need for space
cooling. Thermochromic technology employs VO,-based materials as thin coatings
or nanoparticle composites. For coatings, suitable switching between conditions
with high and low solar energy throughput at low and high temperature, respectively,
can be achieved by replacing some of the vanadium atoms by tungsten, and lumi-
nous transmittance can be enhanced by the addition of some magnesium.
Antireflection (AR) coatings can give further improvements. By going to nanopar-
ticle composites with VO, dispersed in a transparent host, it is possible to combine
high luminous transmittance with large modulation of solar energy transmittance.
This modulation ensues from plasmonic absorption in metallic-like VO, nanopar-
ticles. Thermochromic glazings are not yet (2015) available as products, but the
rapid development during recent years has led to performance limits that appear very
interesting for practical applications. Energy modeling of buildings with ther-
mochromic glazings points at very substantial savings. A further development may
be to integrate thermochromic nanoparticles in laminated electrochromic devices.

4.1 Introduction

Thermochromic glazings are characterized by their temperature-dependent prop-
erties and are able to transmit more solar energy at low temperature than at high
temperature. The property change should be related to the building’s “balance
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temperature” separating cooling-dominated from heating-dominated conditions.
Thermochromic glazings are not a new subject, and early work by Lee and
Jorgenson (1986), Jorgensen and Lee (1986) and Babulanam et al. (1986, 1987)
dates back about thirty years. The topic met with initial enthusiasm (Jorgenson and
Lee 1990), but the interest faded when it was realized that the
temperature-dependent modulation that actually could be accomplished was too
small to be of much practical value and also occurred at an inadequate temperature
range. Material development during the 2000s has changed the situation, however,
and thermochromic glazings—i.e., windows as well as glass facades—are back in
the limelight. The topic has been surveyed recently by Granqvist (2014a, 2015a, b),
but the development progresses at a sufficient pace that a new and more detailed
examination is justified. It is given in the present chapter.

Why is thermochromics of interest for energy-efficient buildings? The heating,
cooling, lighting, and ventilation of buildings account for 30-40 % of the world’s
primary energy, as reported by the United Nations Development Program (UNEP
2007), and the fraction tends to increase at least in the most developed countries.
Thus, the buildings shares of the primary energy use in the USA were 34, 36, 38,
and 41 % in 1980, 1990, 2000, and 2010, respectively, according to the Department
of Energy (US DOE 2012). Glazings are generally considered weak links in
buildings’ energy systems and usually let in or out too much energy, which then has
to be compensated by heating and cooling. Thermal insulation of the glazings can
diminish the heat transfer to ~1 Wm ™2 K" or less if multiple panes are used and if
the glass has a layer of a transparent reflector for thermal infrared radiation in the
3-50 pm wavelength range, and excessive solar energy inflow can be prevented if
the glass is reflecting near-infrared solar radiation at 0.7-3 pm (Smith and Granqvist
2010; Grangvist 2015a, b). These types of glazings make use of coatings—referred
to as low-emittance coatings and solar-control coatings, respectively—that have
been developed for decades and now have properties close to those allowed by the
laws of nature applied to known materials (Granqvist 2007, 2015b). The main
problem with these coatings is that they have static properties, whereas nature
provides a dynamic ambience for the buildings which is sometimes undesirably
warm or too cold so that energy-demanding cooling and heating of buildings cannot
be avoided, even if the energy for cooling and heating is lowered as a consequence
of the static coatings referred to above. Therefore, the glazings must have adjustable
properties and be able to respond to varying environmental conditions, which take
us to the class of materials known as chromogenic (Granqvist 1990; Lampert and
Grangvist 1990; Smith and Granqvist 2010).

There are several types of chromogenic materials, which are able to respond to
different external stimuli:

e photochromic materials darken under ultraviolet solar irradiation and bleach in
the absence of such radiation and are well known especially in sunglasses,

e thermochromic materials have different optical transmittance depending on their
temperature and will be discussed with regard to buildings-related applications
in this chapter,



4 Thermochromics for Energy-Efficient Buildings ... 73

e clectrochromic materials can be integrated into multilayer devices and are able
to alter their transmittance by the insertion/extraction of charge or by the
application of a voltage (Granqvist 1995, 2012, 2013a, b, 2014b), and

e gasochromic materials change their transmittance when exposed to
reducing/oxidizing gas.

Electrochromic glazings are already on the market and are used on a small scale
by early adopters (Granqvist 2012, 2014b; Pittaluga 2015). Thermochromic glaz-
ings are not yet as advanced, but their development is rapid and—in the author’s
opinion—applications may soon be possible either by use of thermochromic thin
films or nanoparticles as such or through a combination with electrochromics.
Photochromic and gasochromic fenestrations seem to be more remote.

Some basic facts about visible light (luminous radiation), solar irradiation, and
thermal radiation should be well understood and are needed for assessing the energy
efficiency of glazings. The necessary information is found in Fig. 4.1. We first
consider thermal radiation, which is obtained by multiplying a blackbody curve for
the temperature 7 in case—as shown in panel (a)—by an empirical emittance that is
less than unity; this radiation is confined to 4 > 2 um, where 4 denotes wavelength,
for temperatures of practical interest. The solar radiation onto the atmosphere
corresponds approximately to the blackbody curve for the sun’s surface temperature
(5505 °C), and the irradiation at ground level is obtained by multiplying with the
atmospheric absorption. Figure 4.1b shows this radiation for typical clear weather
and shows that the radiation lies at 0.3 < A < 2 pm, which indicates that there is
almost no overlap between the wavelength intervals for solar and thermal radiation,
i.e., a material can have entirely different properties for these two wavelength
ranges. Only part of the solar radiation is visible light, and Fig. 4.1b shows that the
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Fig. 4.1 Upper panel illustrates blackbody spectra for five temperatures, one of which

approximates the sun’s surface temperature. Lower panel shows a typical solar irradiance

spectrum for clear weather conditions and at sea level, and the sensitivity of the light-adapted
human eye
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eye’s sensitivity can be represented by a bell-shaped curve in the range
0.4 <1< 0.7 um with a peak at A = 0.55 um. In terms of solar energy, about 50 %
falls in the infrared (4 > 0.7 um), whereas about 5 % falls in the ultraviolet
(4 < 0.4 pm).

Quantitative data on the temperature-dependent luminous (lum) and solar
(sol) transmittance for thermochromic materials, denoted Ty,,(7) and T (7), can be
obtained from

Tlum.,s(ﬂ(r) :‘/d/1 (plum,sol(’]")T(}"v ’C)/\/d;L (plum,sol(/l)v (4.1)

where T(4, 7) is spectral transmittance, @y, is the sensitivity of the light-adapted
human eye (Wyszecki and Stiles 2000), and ¢, is the solar irradiance when the sun
is at 37° above the horizon (at “air mass 1.5,” implying that the path-length through
the atmosphere is 50 % longer than for vertically incident radiation) (ASTM 2008).
For the subsequent analysis, we need quantitative data on solar energy modulation
AT, which is defined by

ATy = TSOI(T<TL') _Tsol(f > Tc)- (42)

This chapter is organized as follows: Sect. 4.2 introduces VO, and argues that it
is the thermochromic material of choice for practical glazing applications.
Section 4.3 then treats the manufacturing of thin films and nanoparticles of this
material, mainly from a thermodynamics point of view. In Sect. 4.4, we discuss
how VO, can be modified by doping, nanostructuring, and overcoating in order to
be of practical interest for thermochromic glazings; results from recent energy
modeling of buildings are included too. Finally, Sect. 4.5 gives conclusions and
outlook.

4.2 Vanadium Dioxide: The Thermochromic
Material of Choice

There are a large number of thermochromic materials, both inorganic and organic.
The number of options for glazings is quite limited, however. First, we exclude the
many organics (Seeboth and Lotzsch 2014) which most probably are too sensitive to
ultraviolet irradiation to permit long-term applications. Secondly, we contemplate
that the surface areas needed to be covered with thermochromic materials, either as
thin films or nanoparticle composites, are huge and this limits the choice of materials
to sufficiently “simple” ones that can be manufactured on the relevant scale. In order
to appreciate this scale, it should be realized that flat-glass production—mostly by
the float process and for glazing applications—is forecast to reach 9.2 x 10” square
meters per year in 2016 (Freedonia 2013).
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Fig. 4.2 Electrical conductivity versus reciprocal temperature (lower horizontal axis) and
temperature (upper horizontal axis) for several metal-based compounds. The vertical line indicates
room temperature. From Jorgensen and Lee (1986)

Figure 4.2 shows data on a selection of some remaining options, specifically on
temperature-dependent electrical conductivity for oxides and other materials
(Jorgenson and Lee 1986). Abrupt changes take place at well-defined values of a
“critical” temperature 7. and signal structural changes. Vanadium dioxide, VO,, is
particularly interesting since 7. ~ 68 °C, i.e., in the vicinity of room temperature, as
discovered more than 50 years ago by Morin (1959). Therefore, this material stands
out as the most viable candidate for thermochromic glazings and, in fact, almost all
investigations for this application have VO, as a starting point. The switching at z.
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occurs between a low-temperature semiconducting phase with small infrared
absorption (and hence high infrared transmittance as a thin film) and monoclinic
crystal structure and a high-temperature metal-like phase with large infrared
reflectance and rutile-type crystal structure. The physical nature of the transition at
7. is of lingering scientific interest and has kept materials physicists busy for
decades.

Figure 4.3 summarizes the most salient optical properties of VO,-based mate-
rials. Left-hand panels report spectral transmittance (upper) and reflectance (lower)
for 50-nm-thick VO, coatings on glass in the wavelength range pertinent to solar
radiation, and it is seen that 7(4, 7) is much larger in the semiconducting state than
in the metallic state—i.e., below and above 7., respectively—when 4 > 1 um. The
difference in the spectral transmittance between low and high temperature gets
larger for increasing wavelength. Obviously, this kind of variation in 7(4, 7) is the
desired one, at least in principle, and a glazing with a thermochromic VO,-based
coating lets in more energy at low temperature than at high temperature, as has been
found experimentally many times (Saeli et al. 2010a, b; Gao et al. 2012; Hoffman
et al. 2014; Li et al. 2014; Warwick and Binions 2014). Figure 4.3 also shows that
the corresponding reflectance curve increases monotonically toward long wave-
lengths for the metallic-like state, which is as expected. Right-hand panels in
Fig. 4.3 refer to nanoparticles of VO, and will be discussed later.
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Fig. 4.3 Spectral transmittance (upper panels) and reflectance (lower panels) for a 50-nm-thick
coating of VO, (left-hand panels) and for a layer consisting of a dilute dispersion of VO,
nanospheres, having an equivalent VO, thickness of 50 nm, in a medium characteristic of
transparent glass and polymer
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4.3 On the Fabrication of VO, Coatings
and Nanoparticles

4.3.1 Reaction Routes

Techniques for practical fabrication of VO, coatings and nanoparticles are of
obvious interest and are in a state of rapid development. We first observe that
vanadium has high affinity for oxygen and can form compounds with the metal in
several different oxidation states, specifically +5, +4, +3, and +2 (Anderson and
Khan 1970; Mukherjee and Wach 1983). It is therefore not surprising that the
vanadium—oxygen phase diagram, illustrated in Fig. 4.4, is complicated and con-
tains nearly twenty different phases, often with only small variations in composition
(Smith 1989; Wriedt 1989; Kang 2012; Bahlawane and Lenoble 2014). The diffi-
culties in the synthesis of VO, are associated with the coexistence of these diverse
oxide forms and also with various polymorphs (Gulbransen and Andrew 1950;
Andersson 1956). Therefore, it is usually hard to obtain phase-pure VO,, which is
formed only in a very narrow range of oxygen partial pressure.

Elemental solid (s) vanadium reacts with oxygen gas (g) in a simple and direct
way and produces vanadium dioxide according to the overall reaction

and various physical vapor deposition techniques—such as thermal evaporation
(Marvel et al. 2013), pulsed laser deposition (Jian et al. 2013), and sputtering
(Li et al. 2013a; Ji et al. 2014a, b)—have been employed to synthesize VO,
coatings by deposition in an atmosphere with controlled oxygen partial pressure and
at high temperature, typically being ~450 °C although lower temperatures are
possible for special sputtering techniques (Fortier et al. 2014; Aijaz et al. 2015).
However, such process control is challenging, and vanadium oxidizes rapidly at
high temperature and goes progressively from tetragonal VO, to VO3 and V30,
until it ultimately reaches thermally stable orthorhombic V,0s in accordance with
the phase diagram in Fig. 4.4 (we return to this point in Sect. 4.4.4 below).
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For more convenient thin film manufacturing, it may be advantageous to use a
mild oxidation agent as an alternative to oxidation according to reaction (4.3), and
below we discuss the usefulness of SO,, following a recent study by Ji et al. (2016).
The benefit of the sulfur-based route stems from the fact that sulfur can have
multiple oxidation states and displays both oxidizing and reducing ability as has
been known for a long time (Lepsoe 1940; Ivanov and Balzhinimaev 1987). For
example, it has been demonstrated that the reduction of sulfur dioxide by reactive
transition metals will form elemental sulfur and metal oxide (Liu et al. 1994). The
oxidation of vanadium by SO, can be captured by the overall reaction

V(s) +S01(g) — VOa(s) +S(g)- (4.4)

If SO, is completely decomposed, the products from the reaction would be VO,
and S, and the sulfur can be vaporized and removed at high enough temperature.

4.3.2 Thermodynamic Analysis of Reaction Products

The characteristic features of reactions (4.3) and (4.4) for making VO, films can be
assessed from a thermodynamic analysis, which gives some basic understanding of
the reaction and ascertains that the desired reaction will happen. In general, the
change in free energy for the reaction—i.e., the Gibbs free energy AG,—determines
the reaction direction, and a negative value of AG, indicates that it is thermody-
namically favorable for the reaction to proceed to its products side, whereas a
positive AG, means that the reaction will not take place. If more than one reaction is
thermodynamically possible, the one with the most negative AG, should take place
since it leads to the most stable reaction products. For a closed reaction system,
equilibrium compositions under given conditions of pressure P, temperature 7, and
input concentration of reactants can be determined by the use of thermodynamic
methods under constraints of mass conservation. Starting with the given reactants
and given P and 7, this analysis identifies possible gaseous and condensed chemical
species and calculates possible reaction products without kinetic considerations.
Specifically, we simulated how VO, would be formed from metallic vanadium
in gaseous O, and SO, environments. Ideally, one mole of V reacts with one mole
of O, or SO, according to reactions (4.3) or (4.4), respectively, but in practice it is
very hard to balance the mole ratio exactly, and the simulations therefore used an
excess of the gases, viz., two mole of O, or SO,. Figure 4.5 refers to the V-SO,
system and shows an example of stable reaction products at four SO, pressures in
the 0.001 < Pgp, <1 atm range and for 100 < 7 <700 °C. It is predicted that VO, is
obtained in the lower temperature range and that V,05 is created at higher tem-
peratures. Liquid sulfur is also formed as a condensed phase on the VO,, and this
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Fig. 4.5 Calculated yields for
the formation of stable
compounds in equilibrium at
the shown pressures P and
temperatures when the input
reactants are one mole of V
and two mole of SO,. The
products are in solid (s) and
condensed form. Hatched
regions indicate reaction
windows for VO, film
deposition
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sulfur can be vaporized at sufficiently high temperature. Consequently, there is a
thermodynamically calculated reaction window for VO, film growth at 400-440 °C
for Pso, = 1 atm, and this window drops monotonically upon decreasing pressure
until it reaches 150-230 °C for Pso, = 0.001 atm. The connection between reaction
window and Pso, is further illustrated in Fig. 4.6, which makes it clear that the
width of the reaction window is increased from ~40 to ~80 °C when Pso, drops
from 1 to 0.001 atm., and the width is then decreased as Pso, is further diminished
to 107> atm.

Figure 4.7 provides more detailed comparisons of the formation conditions for
VO, in the V-SO, system and the V-O, system and reports the yield of formation
of VO, at 100 < 7 <700 °C and 10~ < P < 10 atm. of SO, (upper panel) and O,
(lower panel). For the V-0, system, the lower panel in Fig. 4.7 illustrates the
well-known fact that VO, deposition requires high temperature and low pressure of
O,. However, the properties of the V-SO, system are very different, as shown in
the upper panel in Fig. 4.7 which indicates that VO, is formed in a lower tem-
perature ranges from 100 to 500 °C and at a wide range of pressures from 107’ to
1 atm. Clearly, the VO, formation reaction with SO, proceeds at rather low tem-
perature and does not require high vacuum. As a final note, it should be stressed that
thermodynamic calculations only give the direction of the reaction and indicate
whether a phase can be formed or not, but the equilibrium composition might take
an unacceptably long time to reach.

4.3.3 Comments on Nanoparticle Preparation

VO,-based nanoparticles can be prepared by a variety of techniques, and references
to this work can be found in recent papers (Li et al. 2010, 2013a). The nanoparticles
can be more or less rounded as well as rod- and wire-like structure. Figure 4.8
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Fig. 4.7 Calculated yields for
the formation of VO, by
oxidation of metallic
vanadium versus temperature
and pressure for gaseous SO,
(upper panel) and O, (lower
panel)
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shows nanorods made by Li et al. (2013a) via sputter deposition onto glass plates
heated to ~460 °C in the presence of O, and Ar. The oxygen fraction, given by

I'=¢o,/(dac+ ¢0,). (4.5)

where ¢ denotes flow rate, is a particularly significant parameter.

The substrate material is also very important for the particle growth, as elaborated
recently for the case of sputtering by Montero et al. (2015). Figure 4.9 refers to VO,
sputter deposited at ~450 °C onto bare glass and glass precoated with electrically
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Fig. 4.8 Scanning electron micrographs of a VO, layer deposited onto heated glass and having an
(equivalent) thickness of 102 nm. Left-hand, middle, and right-hand images refer to a top view,
imaging at 70° between electron beam and sample normal, and a cross-sectional view,
respectively. The magnifications differ among the images. From Li et al. (2013a)

I=56%
(a) .

Fig. 4.9 Scanning electron micrographs of VO, layers with an (equivalent) thickness of 60 nm
deposited onto heated substrates of ITO/glass, SnO,/glass, and bare glass at the shown values of I".
From Montero et al. (2015). a VO,/ITO/glass. b VO,/SnO,/glass. ¢ VO,/glass. d VO,/ITO/glass.
e VO,/SnO,/glass. f VO,/glass

conducting In,O3:Sn (i.e., indium—tin oxide, known as ITO) or non-conducting
SnO,. It is evident that ITO tends to give a layer of well-defined nanoparticles if the
value of I"is chosen adequately. Process control must be stringent, and deposits with
different nanostructures are obtained when /" is 5.6 and 5.9 %.

The sublayer of ITO on the glass substrate is important also because it widens
the process window for making coatings with good thermochromism. This feature
is illustrated in Fig. 4.10, which shows that the transmittance modulation at
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Fig. 4.10 Modulation of the optical transmittance at 4 = 2500 nm, denoted AT (2500 nm), versus
oxygen content I” for sputter-deposited VO,. The data refer to coatings with approximately the
same thickness backed by the indicated substrates. From Montero et al. (2015)

A= 2500 nm is strong for a much broader range of /" when VO, is deposited onto
ITO than when the substrate is SnO, or bare glass.

4.4 Toward Practically Useful VO,-Based Coatings
for Glazings

Do the data on T(4, 7) in the left-hand panels of Fig. 4.3 really show that VO,-based
coatings can be used for energy-efficient fenestration? The honest answer is “no,”
but the properties of VO, are sufficiently close to the desired ones that it is
meaningful to try to modify this material as considered next (Li et al. 2012).
Specifically, the following items require careful attention for VO,-based coatings
and are discussed below:

e the transition between semiconducting and metallic properties takes place at
~ 68 °C, which obviously is too high for practical buildings;

e the luminous transmittance is no more than ~40 %, which is too low for most
glazings; of course, the transmittance would be larger for a VO, coating
thickness below 50 nm, but such a coating would also have an undesirably low
magnitude of the solar energy modulation;

e the transmittance modulation is large only at wavelengths where the solar
irradiation is rather weak, as apparent from Fig. 4.1, which limits the solar
energy modulation to no more than ~ 10 %, which is too small to be of much
interest for a practical glazing; and

e vanadium dioxide is not a thermodynamically stable material but further oxidation
would tend to transform it to non-thermochromic V,0s, as discussed above.
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Fig. 4.11 Temperature for 70
the transition between
semiconducting and metallic
states in thermochromic VO,
coatings doped with W or
Mg. From Mlyuka et al.
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4.4.1 Having t. at Room Temperature

It has been known since the early 1970s that the addition of tungsten, as well as
some other elements, to bulk VO, leads to a depression of z. (Goodenough 1971),
and the same effect exists in thin films (Greenberg 1983). Figure 4.11, reproduced
from Mlyuka et al. (2009a), shows that ~2 % of W puts z. at about room
temperature.

4.4.2 Increasing Tyym

Figure 4.3 shows that strong optical absorption sets in at 4 < 500 nm, which is
connected with the optical band gap in VO, being undesirably small. A partial
solution was found some years ago by Mlyuka et al. (2009a), who discovered that
Mg incorporation led to a wider band gap, and subsequently it was reported that Zn
had a similar effect (Jiang et al. 2014). Figure 4.12 shows the spectral transmittance
for 50-nm-thick coatings of Mg-doped and pure VO, at 7 < 7. and 7 > 7, and
indicates that the dopant shifts the region of high transmittance toward shorter
wavelengths but also diminishes the magnitude of the solar energy modulation. The
shift of the optical absorption is indeed due to band gap widening, as demonstrated
both experimentally (Li et al. 2013b) and computationally (Hu et al. 2012) in recent
work. It can be seen from Fig. 4.11 that 7. drops as the Mg content is increased,
although not as rapidly as for W doping. Figure 4.13 shows that T}, is enhanced
from 39 to 51 % when the Mg content is enlarged from zero to 7.2 %. Increased
values of T}, can also be achieved by replacing some oxygen in VO, by fluorine
(Khan and Granqvist 1989; Burkhardt et al. 2002; Kiri et al. 2011).
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Fig. 4.12 Spectral transmittance for 50-nm-thick films of undoped and Mg-doped VO, coatings
in semiconducting (z = 22 °C) and metallic (z = 100 °C) states. From Mlyuka et al. (2009a)
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Fig. 4.13 Luminous transmittance versus Mg content in 50-nm-thick VO,-based coatings as
recorded at 7 = 22 °C. The line was drawn for convenience. From Mlyuka et al. (2009a)

4.4.3 Boosting T,

The limited modulation of the solar transmittance between the semiconducting and
metallic states in VO, coatings has probably been the greatest obstacle for the
development of practically useful thermochromic glazings. A clear step toward the
realization of such glazings was taken in recent work by Li et al. (2010, 2011) who
found by computation that a layer comprising VO, nanoparticles—instead of a
continuous VO, coating as studied in earlier work—could lead to a strong boost in
AT,. Further calculations have demonstrated that the particle size should not
exceed ~20 nm in order to avoid optical scattering known as “haze” (Laaksonen
et al. 2014). Such “nanothermochromism,” using a term coined by Li et al. (2010),
was introduced in the right-hand panels in Fig. 4.3, which show spectral trans-
mittance and reflectance for a 5-pum-thick layer of a transparent medium, with
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refractive index representative of typical glass and polymers, containing 1 vol.% of
well-dispersed non-scattering VO, nanospheres. This selection of parameters yields
an equivalent VO, thickness of 50 nm so that the data for the nanospheres and the
continuous coating can be compared in a straight-forward manner.

It is evident that there are qualitative differences between data for the
nanoparticle composites and the coatings:

e the nanosphere-containing material is much more transparent than the corre-
sponding coating;

e the metallic nanoparticles show a pronounced transmittance minimum in the
0.7 < 4 < 1.5 pm wavelength range, which significantly limits the solar trans-
mittance that is intense at these wavelengths, while the visible optical properties
are hardly affected at all; and

¢ the nanospheres absorb rather than reflect.

The conspicuous transmittance minimum—i.e., absorption maximum—in the
infrared is caused by plasmon resonance among the free electrons in VO, and is
centered at A ~ 1.2 um. This feature is almost ideally located for absorbing infrared
solar radiation without affecting the luminous optical properties (cf. Fig. 4.1). The
plasmonic character of the near-infrared absorption seems to have been first dis-
cussed by Lopez et al. (2002).

4.4.4 Avoiding Further Oxidation of VO,

Coatings and nanoparticle composites based on thermochromic VO, that are
intended for glazings must be durable enough to last for many years without losing
their performance more than marginally. This requirement needs careful consid-
eration since vanadium pentoxide (V,0s5)—not VO,—is the thermodynamically
stable oxide as seen from the phase diagram in Fig. 4.4.

Figure 4.14 shows recent data on 80-nm-thick VO, coatings heat treated in dry
air at 300 °C for one hour from work by Ji et al. (2014a). The as-deposited coating
displays the expected thermochromic behavior in its spectral transmittance (cf.
Figs. 4.3 and 4.12), but the heat-treated coating has a completely different spectral
response which indicates that it has been transformed to non-thermochromic V,05
(Talledo and Granqvist 1995; Lykissa et al. 2014). This conversion is expected to
be much slower at temperatures of relevance for most practical applications, but the
data in Fig. 4.14 nevertheless indicate that VO,-based materials should be protected
against further oxidation.

Figure 4.15 shows spectral transmittance for similar VO, coatings with top coats
consisting of 10 and 30 nm of sputter-deposited aluminum oxide and heat treated at
300 °C for durations in the interval 1 < #, < 30 h (Ji et al. 2014a). Clearly the top
coat gives excellent protection, and only the thinnest Al,O3 layer and the largest
value of #, led to a minor deterioration of the thermochromic performance. Al
nitride layers gave similar protection of an underlying VO, coating (Ji et al. 2014b).
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Multilayer coatings can be produced by numerous deposition techniques, and
nanoparticles with core—shell structures and VO, centers surrounded by SiO, or
TiO, have been prepared several times (Li et al. 2013c, d, 2014). Hence, the data in
Fig. 4.15 strongly indicate that long-term applications of VO,-based materials are
possible. Top coats similar to those discussed above were effective also under
humid conditions (Ji et al. 2014a).

4.4.5 Approximate Performance Limits
Jor Thermochromic Glazings

The discussion above shows that various combinations of Tj,,, and ATy, can be
achieved in VO,-based materials and Fig. 4.16, reproduced from Li et al. (2014),
surveys today’s (2015) state of the art for Ty,m(7 < 7.) and AT, It should be noted
that Ty, is almost the same at 7 < 7. and 7 > 7.
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Fig. 4.15 Spectral transmittance for 80-nm-thick VO, coatings, covered with 10 nm (panels a and
b) and 30 nm (panels ¢ and d) of Al,O3, in as-deposited state and after heating at 300 °C for the
shown durations #,. Data were recorded for coatings in semiconducting (z = 25 °C) and metallic
(r = 100 °C) states. From Ji et al. (2014a)
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Clearly, pure VO, coatings give the lowest values of Tj,, (7 < 7.) and AT, but
the optical data can be enhanced by AR layers. In particular, good properties were
reached with multilayers of TiO, and VO, (Mlyuka et al. 2009b; Chen et al. 2011).
“Bio-inspired” cone-shaped surfaces constitute another possibility to increase T,
(Taylor et al. 2013). Mg-containing VO, coatings have superior properties, which
can be further boosted by AR layers. However, superior performance is achieved by
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VO, nanoparticles which, for example, can give Tiym(r < 7o) ® 60 % together with
ATy > 20 %. Perhaps surprisingly, Mg-containing nanoparticles do not give better
performance than nanoparticles of pure VO,, the reason being that Mg addition
yields diminishing solar modulation, as apparent in Fig. 4.12, to an extent that is not
balanced by the enlarged short-wavelength transmittance.

4.4.6 Energy Modeling of Buildings
with Thermochromic Glazings

Several computer simulations, aimed at assessing the energy savings that are
possible with thermochromic glazings in buildings, have been reported recently
(Saeli et al. 2010a, b; Ye et al. 2012, 2013, 2014; Long and Ye 2014; Warwick and
Binions 2014; Warwick et al. 2014, 2015). All of these simulations are based on
highly simplifying assumptions and do not account for the recent advances that
form the main basis of Fig. 4.16. Nevertheless, the outcomes of the simulations are
interesting, and most studies show that thermochromic glazings offer significant
advantages over glazings with static coatings or tinting.

Detailed simulations were reported by Saeli et al. (2010a) who used standard
software to model the energy consumption in air-conditioned rooms, 6 x 5 x 3 m®
in size, with restrictions on the illumination level and with internal heat load due to
occupancy. The environment was taken to represent Cairo (Egypt); Palermo, Rome,
and Milan (Italy); London (UK); Helsinki (Finland); and Moscow (Russia). The
building had a south-facing window covering either a quarter of the wall or the
entire wall; the window was double-glazed with a 12-mm-wide air cavity. Four
types of thermochromic coatings on glass were considered: a VO, film (Th1), such
a film with inclusion of some gold nanoparticles in order to affect the color (Th2), a
VO, film with a growth-directing surfactant (Th3), and a film with both gold
nanoparticles and surfactant (Th4). In addition, the calculations encompassed glass
with a sputter-deposited silver-based “solar-control” film which transmitted most of
the visible light but reflected near-infrared solar radiation (“Suncool Brilliant”, SB)
and a blue body-tinted glass (“Arctic Blue,” AB). Simulations with plain float glass
(denoted C) served as a baseline. Th1-Th4 were specified with regard to T(4) and
R() at 7 < 7. and 7 > 7; these data were qualitatively similar though differing in
details. Other aspects of the calculations are given in the original paper (Saeli et al.
2010a) and in references cited therein; some of the results are also presented
elsewhere (Saeli et al. 2010b; Warwick and Binions 2014).

Figure 4.17 reports data on total annual energy consumption—accounting for
heating, cooling, and artificial lighting—and its improvement for a glazed
south-facing wall equipped with the various types of coated or tinted glass and for
different geographical locations. It is evident that all of the coatings, as well as the
tinting, offer advantages, which are most prominent for the thermochromic coatings.
The maximum improvement for a thermochromic coating is ~40 % (Th3, Rome),
which can be compared with the best property for a static glazing which is 32 %
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Fig. 4.17 Total annual
energy consumption (a) and
percent improvement
compared to a clear glazing
(b) for a number of
thermochromic (Th),
solar-control-coated (SB), and
body-tinted (AB) glazings, as
discussed in the main text.
Color coding: black (Cairo),
red (Palermo), dark blue
(Rome), light blue (Milan),
violet (Paris), orange ! |
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(AB, also Rome). Even better data seem to be possible by optimizing 7. and the
abruptness of the thermochromic transition (Warwick et al. 2014, 2015). We caution
again that the calculations are based on a large number of assumptions and are only
indicative.

Other model calculations have considered an idealized case wherein the ther-
mochromic coating is taken to be wavelength-independent in the 0.7 < A < 2.5 pm
wavelength range, with a much higher transmittance level at 7 < 7. than at 7 > 7.
(Saeli et al. 2010a; Hoffmann et al. 2014). In particular, Hoffmann et al. (2014)
found from extensive modeling that the annual energy savings could be as large as
14 and 17 % for Chicago and Houston, respectively, compared with the case for a
glazing with a static solar-control coating for the assumptions underlying their
calculations.

We note that a modeling study by Ye et al. (2012), considering Chinese con-
ditions, was unable to document any obvious advantage of a thermochromic VO,
coating. However, this work compares results to those of an idealized glazing
system and not to a standard case, and subsequent work by the same authors did
report that glazings with VO, coatings performed better than ordinary glazings
(Ye et al. 2013).
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4.5 Conclusion and Outlook

This chapter presented an overview over progress on thermochromic glazings for
energy-efficient buildings. This technology employs VO,-based materials as thin
coatings or nanoparticle composites. For coatings, the switching between states
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Fig. 4.18 Thermochromic (upper panel) and electrochromic (lower panel) foil-based devices
used for glass lamination
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with high and low solar energy throughput at low and high temperature, respec-
tively, can be achieved by replacing some of the vanadium atoms by tungsten, and
luminous transmittance can be enhanced by an addition of magnesium. AR layers
can give further improvements. By going to nanoparticle composites with VO,
dispersed in a transparent host, it is possible to combine high luminous transmit-
tance with a large modulation of solar energy transmittance. This modulation
ensues from plasmonic absorption in metal-like VO, nanoparticles.

Concerning practical implementation in thermochromic glazings, VO,-based
thin films can be applied in insulated glass units in principally the same way as in
today’s technology which usually employs metal-based coatings with static prop-
erties (Smith and Granqvist 2010). Alternatively, VO, coatings can be transferred to
flexible polymer foils (Kim et al. 2013). Thermochromic nanoparticles—perhaps
with protective shells surrounding VO, cores—might be dispersed in polymers and
used for lamination purposes, as sketched in the upper panel of Fig. 4.18. A further
development may be to use this thermochromic laminate as an electrolyte in
electrochromic devices which modulate their transmittance of visible light and solar
energy when electrical charge is shuttled between thin films based on tungsten
oxide and nickel oxide, as illustrated schematically in the lower panel of Fig. 4.18.
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Chapter 5
Photosynthetic Glass: As a Responsive
Bioenergy System

M.E. Alston

Abstract Can photosynthesis of leaves evolve glass into a photoactive energy
system? To create a transculent material that emulates the chemical reaction cycle
of leaves by endothermic principles as a metabolic cycle for thermal conductance
heat targeting. The evolution of glass envelopes into a photoactive adsorption layer,
at an integrated multiscale level, in response to climatic regionalization. Nature’s
biological systems are living multifunctional mechanical information systems of
chemical composition. They have the ability to learn and adapt to changing climatic
conditions by self-regulation of solar adsorption, to achieve thermal management.
These self-programmable controls of adaptive material performance will progress
the surfaces of a skyscraper, from being a mere material entity to a dynamic one.
This response to real-time performance change by the hour, season and weather
conditions is exothermic management of a glass material as an energy flow cycle.
The transformation of glass envelopes into a dynamic energy system that responds
to the environment and contributes to the planet’s energy needs. This chapter
focuses on the use of an optically transparent, thermal energy adsorbing glass
composite that is in the conceptual phase. Progression of this has just entered the
laboratory testing of the first phototype composite.

Keywords Biosystem - Energy - Adsorption - Conductance - Multifunctional -
Cycle

5.1 Introduction

Cities across the globe are responsible for up to 70 % of global carbon emissions and
75 % of global energy consumption. By 2050, it is estimated that 70 % of the world’s
population will live in cities (Malcolm et al. 2013). Cities and urban areas consume
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up to 80 % of this generated energy, hence they are at the heart of the problem.
However with this concentration of energy into city core areas, this enables measures
to contain city energy consumption flows. The level of the energy consumption of a
city is dependant upon the building typology and geographical location. The
requirement of heating, moving air for cooling, lighting and other device applications
increases energy consumption, and this prevents particularly for glass skyscrapers in

hot climates where temperature is greater than 40° or higher (Table 5.1).

Table 5.1 Description of Kdppen climate symbols and defining criteria

1st 2nd 3rd Description Criteria*
A Tropical Teoa = 18
f * Rainforest Pgry 2 60
m * Monsoon Not (Af) and Py 2 100 — MAP/25
w * Savannah Not (Af) and Py, < 100 — MAP/25
B Arid MAP < 10 X Py reshold
W * Desert MAP < 5 X Pgreshold
S * Steppe MAP 2= 5 X Pyreshold
h — Hot MAT > 18
k — Cold MAT < 18
C Temperate Thot = 10 and 0 < Tegq < 18
S * Dry summer Pgary < 40 and Pygry < Pyyed3
w * Dry winter Pyary < Pyywe/10
f » Without dry season Not (Cs) or (Cw)
— Hot summer Thot = 22
— Warm summer Not (a) and Tyon10 = 4
c — Cold summer Not (aorb) and 1 < Tyoni0 <4
D Cold Thot = 10 and Tepq £ 0
S * Dry summer Pgary < 40 and Pygry < Pywed3
w * Dry winter Pyary < Psywe/ 10
f » Without dry season Not (Ds) or (Dw)
a — Hot summer Thot = 22
b — Warm summer Not (a) and Tyon10 = 4
c — Cold summer Not (a, b or d)
d — Very cold winter Not (a or b) and T.ygq < —38
E Polar Thot < 10
T * Tundra Thot > 0
F * Frost Thot £ 0

*MAP mean annual precipitation, MAT mean annual temperature, 7}, temperature of the hottest
month, T, temperature of the coldest month, T,,,,;0 number of months where the temperature is
above 10, P, precipitation of the driest month, P, precipitation of the driest month in summer,
Pyqry precipitation of the driest month in winter, Py,,, precipitation of the wettest month in
summer, P, precipitation of the wettest month in winter, P, cs01¢ Varies according to the
following rules (if 70 % of MAP occurs in winter, then Py csnoia = 2 X MAT; if 70 % of MAP
occurs in summer, then Pyeshold = 2 X MAT + 28, otherwise Pyyreshold = 2 X MAT + 14). Summer
(winter) is defined as the warmer (cooler) six-month period of ONDJFM and AMJJAS
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Current low zero carbon (LZC) technology themes should lead to energy effi-
ciency, energy effectiveness and energy optimization in reducing primary energy
demands. LZC technologies of component assemblies are focused on the building
envelope. These component systems represent the main challenge in achieving
energy efficiency strategies. The envelope acts as an environmental modifier as it
interfaces and transcends between internal comfort conditions and climate. Greater
demands have been placed to minimize operational building energy use and to
maximize the generation of energy from solar renewable sources that are integrated
within the building envelope (These include double facades, hybrid facades and
decentralized mechanical services.).

The development of these manufactured systems with possible integrations of
solar (thermal, pv) and/or ventilation systems should in principle enable multi-
functional facade. Despite this, technological progression of these systems lacks a
holistic approach to building energy strategies, as they are unable to sync with
changing real-time environmental condition or recognition of climatic regional-
ization. These technologies are not transformable adaptive systems, as they do not
at present give a holistic intelligent surface, i.e. solution approach. This lack of
integration of component assembly technologies must evolve at a multiscale design
level and this is the new frontier of interdisciplinary thinking (Gutierrez et al. 2013).
Hence, building of component assemblies must be revolutionized, conceived and
investigated from the inception of material behaviour to the environmental influ-
ence. Glass envelope performance strategy is based upon measures in the reduction
of heat conduction, to resolve the conflicts between services and fabric provisions
(heating systems, fighting cooling systems). These envelope technologies focus
upon external thermal insulating systems, such as ventilate facades, double skin
glass facades and solar shading.

Solar-adsorbing anti-heat glass is used to block solar radiation to prevent heat
built-up. The introduction of nano-silver-coating oxide enables the reflection of
solar radiation away from the internal building surfaces to inhibit heat transfer to
enable solar transmittance to regulate solar radiation (Paceco-Torgal et al. 2013).
However, this current response is a nonreactive static system that cannot compre-
hend energy consumption of a building typology to climatic zone. In addition, the
understanding of the level of economic development in the region has also an
influence in shaping the energy usage pattern. Energy demands in buildings bring
together a range of complex relationships between the environment, the individuals
and their perception of comfort.

This is in contrast to nature that has developed multifunctional biological sys-
tems. These systems are reactive materials of multiple-structured functionality that
respond to climatic changes to enable proliferation. These materials respond to the
influence of ambient temperature, solar radiation gain, exposure to wind and
changing microclimatic variation. Nature’s use of vascular formation to give
adaptive functions can be implanted into glass, to create a composite material for
absorptivity management. To progress glass envelopes of a skyscraper, from being
a mere material entity to a dynamic energy system by the application of biologically
inspired engineering. These are adaptive strategies to influence and change material
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composition and behaviour. The research goal was to create photosynthetic
responsive glass by thermoregulation and why vasculature and cardiovascular
nature can enable bioinspired engineering of glass envelopes.

These desired morphologies to embed within a multifunctional glass material, to
enable thermal conductivity regulation and exothermic management can progress
glass skyscrapers into reactive, surface intelligent energy system. This composite
structure will act as an adaptive cooling mechanism of high emissivity, a multi-
functional system. That can regulate thermal conductivity behaviour as a bioengi-
neering approach by the aims of:

1. Glass material absorbency.
2. Glass material autonomy.

5.2 Vasculature Networks

5.2.1 Biovasculature

Ecosystems upon this earth are evolving systems as they learn, defend, commu-
nicate and protect themselves by the mechanisms of synergy to environmental
influence. Nature uses biochemical mechanisms in a evolutionary perspective
encapsulating multi-chemical compounds of action to give adaptable strategies.

This biochemical process used by leaves is called the Krebs cycle. Plants have
been practicing and perfecting combinatorial chemistry on an evolutionary time-
scale (Page 2004). This synthesis of molecular behaviour enables multiple path-
ways embracing and involving chemical material connectivity as an adaptive
influence to climatic patterns. Plants use and embrace chemicals, semiochemicals,
to enable communication and pyrrolizidine alkaloid as defensive mechanisms in
response to climatic regionalization. Biological materials react and give adaptive
strategies in response to external stimuli by environmental condition influence.
These organic materials are multifunctional systems as they are mechanically strong
and resilient formed by chemical composition. They are information systems that
can self-adapt to the changes in ambient conditions by chemical and mechanical
signals (Chen et al. 2012). This ability to learn and self-organize material com-
position by biochemical mechanisms is the process of continued development of
materials at an evolutionary perspective. These materials have emerged through
hierarchical self-assembly from nanoscale components to determine the composite
structure. These living cells are the ultimate intelligent materials to give reactive
response to the environment and understanding of geographical location. Plants and
trees are transformable structures as they have autonomous self-healing and intel-
ligent surfaces (leaves), and are adaptive to light and colour. The structure of a tree
is a direct response to solar orientation; Fig. 5.1, as the shape and distribution of the
branches, defines the tree structure. This geometry orientation has developed in
response to the maximization of daylight capture.



5 Photosynthetic Glass: As a Responsive Bioenergy System 101

Fig. 5.1 Tree structural
geometry in relationship to
solar orientation

Light capture (interception of the leaves for photosynthesis processes) of the tree
canopy is defined by rule-based geometry, canopy volume, total leaf area density
and angular distribution of leaf surfaces (Sinoquet et al. 2005). Beer’s law on light
interception computations can determine these parameters. This approach to solar
orientation and adsorption of light energy by biochemical processes are responsive
measures, a dynamic system. However, each leaf and its relationship to geometry
solar orientation is for the maximization of daylight capture. Each leaf is an
independent photosystem acting as a unit within a whole canopy
geometry-structured system. Each leaf has the ability to maintain its functional
performance as it has inbuilt mechanisms to do so. This multiscale function of
photosynthesis, molecular assembly and damage light stress regeneration by
biosynthesized molecules is the response to irradiance adsorption.

Leaves and plants are able to control irradiance adsorption via photosynthetic
measures by constant fluidic flows for dehydration and autonomous self-healing
surfaces as a photoactive system by biovenation networks.

These networks are focused upon the process of change to give hierarchical
material component control. Venation networks enable circulation of ions, water
and photoactive molecules (Blonder et al. 2011). Nature uses these embedded
microfluidic networks as a means for multifunctional, mechanical measures for
transport of photosynthetic fluidics. There are multiple ranges of venation reticu-
lated network patterns that have been created. These formation of venation net-
works determine leaf network patterns is the response to light capture by climatic
influence as a dynamic relationship. Leaf vascular vein tissue is created by auxin.
This molecule chemical trigger behaviour enables to self-organize the leaf vein
network formations of isotropic auxin flows between cells (Feugier et al. 2005).
Auxin flux is a carrier protein that flows between plant cells. This singular carrier
protein is pumped between the intercellular spaces between cells, i.e. the plasma
membrane. The reaction transport of this protein out of one cell into another cell
determines isotropic auxin movement flux strength reaction. The flux strength and
rate through cells determines the vascular network patterns. If the flux rate is weak,
then the diameter of the network will decrease and fade away in correlation with the
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auxin strength that creates a diminishing vein network in response to this. This is
the self-generation of leaf venation network formations generated by molecule
influence of auxin. The qualitative disposition of the auxin flux has a direct impact
on venation leaf geometry patterns. The dynamics of auxin flux strength that creates
vein formations is in response to the regulation and carrier flow protein pattern
concentrations, which determine microfluidic veneration networks. These network
vein patterns are determined by responsive function as a carrier protein regulation
for vascular tissue formations. The geometry distribution and branching network
patterns of leaf veneration determines fluidic flow for photosynthesis are deter-
mined at a molecular multiscale biochemical approach.

5.2.2 Cardiovascular

The human body itself is a complex system of controlled mechanisms in response
to changing environmental influence to protect and control the human body by
DNA programmable self-awareness, the ultimate intelligent material. These living
multifunctional cells are information systems of chemical composition forming
hierarchical structures. They have the ability to learn and adapt to changing cir-
cumstances and self-regulation of thermal adsorption from nanoscale components.

A definition of the cardiovascular system is that it “comprises the heart and the
blood vessels with their contained fluid, the blood. The heart is the central organ of
the entire system and consists of a hollow muscle; by its contraction, the blood is
pumped to all parts of the body through a complicated series of tubes termed
arteries. The arteries undergo enormous ramification in the course throughout the
body and end up as minute vessels called arterioles, which in turn open into a
close-meshed network of microscopic vessels termed capillaries. After blood has
passed through the capillaries, it is collected into a series of larger vessels called
veins by which they are returned to the heart. The passage of blood through the
heart and blood vessels is termed as circulation of the blood” (Grey 2012). The
heart is a double, self-adjusting muscular pump, the two parts of which work in
unison. The heart propels the blood through the blood vessels. The right side of the
heart receives venous blood and pumps it to the lungs where the blood becomes
oxygenated. The left side of the heart receives the oxygenated blood from the lungs
and pumps it into the aorta for the distribution to the body (Moore 1985).

The four main functions of the cardiovascular system are given as follows:

e To transport nutrients and oxygen to cells around the body and remove carbon
dioxide and waste from cells.

e To protect the body from infection and blood loss.

e To help maintain a constant body temperature—thermoregulation

e To help maintain the fluid balance within the body.
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5.2.3 Thermoregulation

Humans have the ability to tolerate great variations in the temperature of their
external environment. Humans can survive and indeed live in parts of the world
where the temperature may reach as low as —65 °C or as high as 50 °C. In some
parts of the world, there are daily temperature changes of as much as 35 °C.

The core temperature range for a healthy adult is between 36 and 38 °C with
37 °C regarded as the average normal temperature. If the core drops below this
range, it is called as hypothermia and above this range hyperthermia (Saffrey et al.
2001). As the temperature moves further into hypo- or hyperthermia, it becomes
life-threatening. The body works continuously to maintain the temperature in a
healthy range. This is thermoregulation and is a classic homeostatic mechanism.
Temperature changes within the body are detected by sensory receptors called
thermoreceptors, which relay information about the changes to the hypothalamus
within the brain stem. The hypothalamus’s chief role is homeostasis, which is
mediated by the autonomic nervous system (Ashcroft 2001). When a deviation in
temperature outside of the core range is detected by the thermoreceptors, the
hypothalamus initiates mechanisms to control the temperature.

There are four main adjustments:

e Sweat glands. In hyperthermia, the sweat glands are stimulated to secrete sweat
onto the surface of the skin. This allows heat to be lost through evaporation and
cools the skin.

e Smooth muscle in arteriole walls. In hyperthermia, smooth muscle around the
arterioles walls relax causing vasodilation, which increases the volume of blood
nearer to the skin allowing heat loss through convection. In hypothermia, the
smooth muscle contracts around the arteriole walls, reducing blood flow and
therefore heat loss.

e Skeletal muscle. In hypothermia, skeletal muscles shiver, which are fast small
muscular contractions, which produce heat to help warm the blood.

e FEndocrine glands. In hypothermia, the hypothalamus stimulates the release of
hormones, e.g. thyroxin and adrenaline which increases the metabolic rate and
therefore heat production.

Humans are exceptional in their ability to cope with extreme conditions
(McLaughlin et al. 2007). The ability to adapt is through the mechanism of ther-
moregulation, which is central to the bodies’ ability to survive. Embedded venation
networks are applied by nature in response to measures in regulation of material
thermal behaviour. This is achieved by thermal management of material compo-
sition within the human cardiovascular and plant vascular networks. Conventional
glass properties and behaviour is an issue for energy consumption. Current glass
technology depends upon [or combination of] solar shading, air cooling [to reduce
solar temperature gains] or the deployment of highly reflective nano-oxide-coating
materials [to reduce sun light]. As a consequence of using the current technology,
buildings consume significant level of energy [over its life cycle] due to the
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increased artificial lighting levels to compensate for the loss of natural lighting and
the reliance of AC systems to cool the buildings. Learning from nature and applying
reactive thermoregulation mechanisms is the progression glass material technology,
as a theoretic/conceptual background for the biomorphic photosynthetic glass.

5.3 Biomorphic Responsive Glass

5.3.1 Biotic Thermal Management

To increase the overall performance of a glass envelope to enable pan global aims
for zero carbon buildings, a step change is needed. A multiscale-integrated strategy
to advance a glass composite material in relationship to adaptive, responsive and
self-optimizing performance. An endothermic system focuses on the process of
change in relationship to conductivity management of capturing near-infrared
radiation (NIR) in a material. Once solar radiation is captured, thermal conductivity
can be controlled via absorptivity embedment of active transport networks (fluidic)
to influence glass internal and external temperatures. This thermal conductivity
management control of glass can be viewed as an energy system.

This energy system is an absorber of thermal flow energy by molecular
understanding of heat transfer, to enable thermal transport exchange between glass
pane interfaces and a fluidic medium for temperature management. Fluidics within
vascular networks capillary channels are the methods employed by nature to reg-
ulate and control material conductivity in response to solar radiation. This
absorptivity of self-programmable control heat flow management will enable
energy generation as a cyclic energy system (Alston 2014). An energy system that
responds to change of state by environmental influence. Climatic regionalization
creates the process of change by biochemical triggers to create an energy flow chain
reaction cycle. This biochemical process is used by leaves and this energy cycle is
called the Krebs cycle. This aerobic citric acid cycle uses chemical reaction chains
as responsive reactions to generate energy. This metabolic pathway of chemical
trigger enables conversion of carbohydrates, fats and proteins into carbon dioxide
and water to generate a usable form of energy. Regulating the material glass
conductivity in real time by thermal flow transport management as an exothermic
action/reaction system to NIR can be considered as a closed-loop energy system.
The management of interface heat transfer would need to be supported by a
decision-support monitoring, to act and to respond to the fluctuations in material
temperature. This thermal exchange and transfer by control of fluidic flow beha-
viour is a reactive system to external climatic influence, Fig. 5.2.

This energy transfer exchange cycle will be maintained within the photosyn-
thetic responsive glass composite. The primary stage is setting the datum point
temperature for a glass composite in relationship to functionality parameters and
climatic conditions. Setting primary data set point temperatures that is determining
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Setting a datum point for glass steady state temperature
to climatic geographic location
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by thermal conductance measurement is critical. This establishes reaction sequence
response that is required to maintain a steady-state temperature of the glass material
to irradiance influence. The energy inputs from solar radiation, microclimate and
surrounding building overshadowing will start a sequence of energy exchange
reaction. These reactions will be determined by the energy transmission into a fluid
to act as a temperature trigger. Channel-embedded networks within the glass
composite will contain full volume of fluidic material. This fluid will act as the
energy absorber to transfer, and the thermal flow gained energy away from the
internal building surfaces. The rate of heat storage per unit area in connection with
unit fluidic volume of the liquid will be monitored by sensors. Sensors will act as
the programmable decision-support system to enable manipulation of fluidic flows,
by actuators, to determine the rate of fluidic flow for energy removal. This reactive
response is a direct relationship to datum point temperature setting. This sequence
commencement is the starting point of an energy transfer exchange and thermal
heat transport cycle for conductivity management/regulation.

The energy unload process is key to enabling fluidic absorbed energy thermal
flow removal, as an energy cycle. This energy cycle is focused on energy unload
processes of the fluid and this is determined by data set point temperature setting.
Once the fluid conductance level is diminished (to a predetermined temperature
point), the liquid is then recirculates back into the vascular network. The removal of
the adsorbed energy heat transport flow from the fluidic medium, Fig. 5.2 (by
thermal stores/electrical generation), enables a thermal extraction cycle. This is a
cyclic action of molecule temperature regulation, as a repeated action for thermal
energy adsorption. Rates of thermal adsorption are dependant upon the time of day,
wind exposure, orientation and city temperature, and heat island effects. This
process to adsorb NIR, for stabilization of material temperature, is the response to
climatic influence and this is the approach of nature’s biosystems.

5.3.2 Climatic Regionalization

Nature’s plants, organisms and animals are moulded by their environment.
Ecosystems have an understanding of adaptation to the environment at a biodi-
versity ecological perspective. These interactions of the physical environment
(matter) and biological systems for energy conversion are mechanisms of control at
a multilevel scale that are nested within climatic regionalization. However, this
ecosystem approach is not represented in the human habitation of our building
structures or cities in which we live. The relationship of materials and energy for
buildings and cities should depend on its typology, technological solutions,
employed location and user-specific issues and the most important of which are the
following:

1. Building typology in relationship to size, form and placement on site.
2. Climate, user occupant numbers, behaviour/required performance level.
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W

. Insulation capacity of the envelope and thermal capacity.
4. Efficiency of heating, ventilation, water supply and lighting systems, automation
and control systems.

The current aim of the glass envelope’s performance is based upon the measures
in the reduction of heat transport conductance, to resolve the conflicts between
services and envelope (heating systems fighting cooling systems). Photosynthetic
glass would give enhanced thermal properties for energy efficiency by applying
new concepts of heating and/or cooling sources, interfaced into a glass composite.
This new methodology of thermal heat transport management will influence and
reduce consumer energy consumption demands. Climate is having greater impacts
on energy requirements by the increasing dependence to cool buildings in warm
climates and this is indicated in the heating degree days (HDD) Fig. 5.3.

VTT project has evaluated the potentials at a European level to assess climatic
effects to measure impacts for inherent measures for building facades. Measuring of
the technical solutions of facade behaviour, to climatic conditions, in connection
with building typologies was observed. Results indicated in Southern European
countries that cooling demand becomes increasingly important for the overall
energy consumption of a building due to higher requirements of thermal comfort.
The study found that in warm climatic zones the cooling demand can be reduced
drastically by a combination of lowering the internal heat loads by greater control of
thermal conductivity. This had environmental impacts on the total primary energy
demand according to climatic zone and building group typology.

The development of adaptive glass envelops as an optimal energy absorber for
different kinds of user energy demands synced to a climatic behaviour model—is
one of the new approaches. The energy thermal flow-targeting model Fig. 5.2 will
be depended upon climatic classification in order to set primary data functions in
terms of fluidic steady-state mechanisms. The understanding of the conductivity
facade behaviour of buildings and its implications on energy performance has been
researched by VIT (2012) to enable direct linkage to climatic conditions. Climatic
classification analysis is critical in order to set behaviour responsive range
parameters as a reactive energy system to external climatic temperature influence.
The research into climatic methodology has been undertaken by the Koppen system
(Peel et al. 2007). The observed data from present and global historical climatology
networks have enabled data sets for the classification of climatic conditions Fig. 5.4.

These climatic regionalization data sets enable assessment of climatology for
global mapping. This climatic classification can be applied, in setting fluidic tem-
perature as a datum point value. Setting a steady-state temperature is the mechanism
that will determine reaction or nonreaction boundaries in relationship to fluidic
temperature, in networks within a glass composite. This reaction system is a real-time
interrelationship to climate as an energy cyclic flow that has been determined by
temperature data sets of climatic classification. If we are setting the steady-state
temperature to climatic classification for behavioural response, could the fluidic
material itself also relate to climatic regionalization? The fluidic material chemical
composition could be created as a designer molecule approach synthesized the
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Range of heating degree days [HDD]

Corresponding countries

Country HDD Population in Building stock
2003 [Mio.] [Mio. m’]
Zone 1: South European countries Malta 564 0.40 11
564 to 2 500 HDD (1 269 HDD)" Cyprus 787 0.72 40
Portugal 1302 10.41 337
Greece 1698 11.01 351
Spain 1856 41.55 1454
Ttaly 2085 57.32 2076
France 2 494 59.64 2 109
T
Zone 2: Central European countries Belgium 2 882 10.36 359
2501 to 4 000 HDD (3 272 HDD) The Netherlands 2905 16.19 561
Ireland 2916 3.96 125
Hungary 2917 10.14 221
Slovenia 3044 2.00 45
Luxembourg 3216 0.45 21
Germany 3244 82.54 3463
United Kingdom 3354 59.33 1567
Slovakia 3440 5.38 82
Denmark 3479 5.38 230
Czech Republic 3559 10.20 237
Austria 3569 8.10 292
Poland 3605 38.22 706
Zone 3: North European countries Lithuania 4071 3.46 62
4000 to 5 823 HDD (4 513 HDD) Latvia 4243 2.33 45
Estonia 4420 1.36 28
Sweden 5423 8.94 338
%7 Finland 5823 5.21 151

a) Numbers in brackets indicate average weighted HDD

Sources: [EUROSTAT 2005a, GIKAS & KEENAN 2006]

Fig. 5.3 HDD extract, energy efficient fagade system (VIT 2012)

material to a particular climatic data set. This is a functional performance response as
an energy absorber. The design and selection of a fluidic material, in vascular net-

works, must be selected in relationship to thermal high energy densities.

5.3.3 Bioenergy System

To progress glass skyscrapers from being a mere material entity to becoming an
energy system of adaptive performance is a step change. The evolution of a
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Fig. 5.4 Extract from updated world map of the Koppen-Geiger climate classification (Peel et al.
2007)

dynamic glass surface Fig. 5.5 as an optimized, multilevel intelligent surface of
thermal behaviour exchange and conductivity management by fluidics is the new
frontier. This bioenergy system is a material matter energy cycle, in relationship to
regionalization. This transdisciplinary, multiscale approach has emerged through a
higher complexity of reactive, responsive triggers than current glass technologies.
This flow of energy reaction triggers are driven by:

e Capture by material absorbance of solar radiation.
e Control to regulate, enabling material autonomy for thermal management of
microfluidic absorptivity.

However, building typologies located within cities are components within it and
therefore must react and be resilient to environmental surroundings. Localized
environmental conditions will influence a step-wise flow in the relationship
between energy and matter (Odum and Barrett 2005). These energy input variables
are depending upon the orientation of the glass surface, relationship to surrounding
buildings, microclimatic conditions, wind flow paths and diffuse solar gain via
clouds. A multilevel approach is needed as the performance aims and functional
role of current glass envelopes is a static response that does not adjust to envi-
ronmental change or influence.

The employment of a glass composite material enables optimization to control
solar irradiance by thermal behaviour, exchange and management of conductivity
by fluidics. To create the energy resilience of a glass envelop to form the surfaces of
skyscrapers must evolve into an adaption intelligent layer. That can regulate its own
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Fig. 5.5 Glass composite exothermic energy cycle

thermal conductivity levels in response to performance change by the hour, season
and weather conditions in enabling real-time thermal flow management of
conductivity.

5.4 Thermodynamic Adaptive Glass

Research has been undertaken to introduce fluidics into windows. This investiga-
tion focused upon using the cavity void between two panes, by infusion of water as
conductivity adsorbed of solar radiation. However, this research did not investigate
the use of microvascular networks to influence fluidic flow management. The
research indicated water flow gave cooling of glass surfaces by naturally flowed
upward buoyancy and extraction of water for heating applications (Chow et al.
2011). The use of water enabled higher conductivity for effective window cooling
designs in warm climates (Chow et al. 2011). Findings indicated that adsorption of
heat energy from solar gain was achieved. Hence, indoor heat absorbency by
thermal convection and radiation exchange gave a temperature difference of 10°
between the inner glass panes. Water flow in the experiments was set at 200 ml/min
with the greater efficiency gained in higher incident of solar radiation for working in
efficient conditions (Chow et al. 2013). However, the lack of fluidic flow man-
agement within the free-flowing volume resulted in flow turbulence and water
movement uncontrolled by gravity.

This created variations in temperature within the water volume between the two
glass pane surfaces. The other critical issue was water flow velocity rates; this was
considered to have a great impact on the effectiveness to enable reduction for
internal cooling load by fluid heat removal. The associated weight of a full volume,
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water cavity fill dramatically added to the structural loading of the external wall.
Hence for a single window within a wall, this could be contained. However if
applied to a skyscraper with dynamic structural forces, wind pressure force direc-
tions, air velocity, frequency wind range, temperature differential and gravity, the
effectiveness applied to this building typology is reduced. Current glass technolo-
gies consider a glass building to be one surface, notwithstanding this one surface is
comprised of a number of assembly components, frames, mullions, waterproofing
gaskets, and drainage channels for example.

However, could the surfaces of skyscrapers be formed from multiple photoactive
layering of autonomous glass surfaces?

We consider this surface as photoactive layers that interconnect, Fig. 5.6, at a
multiscale level to create a holistic glass envelop. These are the mechanisms applied
by trees, in the creation of a canopy to form the leaf area density of a tree as a
multiple laying approach. Each leafs’ geometry and functionality is connected to
orientation for the maximization of daylight capture.

The creation of photoactive layering enables control influence in dealing with
orientation, temperature differentials and gravity effects. These multiple autono-
mous, horizontal surfaces enable fluidic flow working with gravity feed by a
layer-by-layer approach, Fig. 5.6. This photoactive layering gives avoidance of
multiple floor, vertical fluid transfer and consequential increased pumping pressures
demands. The ramification of this is the creation of autonomous cellular floors
zones that will have energy generation from glass photoactive surfaces to respond
to energy floor zone demands. An intrinsic link of energy generation to consumer
energy demands at a localized level.

Fig. 5.6 Photoactive layering
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5.4.1 Artificial Microvascular Networks

Microfluidic systems give greater control of fluidic behaviour flow and fluidic
management. These capillary networks of solar absorbing chemical composition
fluid are activity flowing and circulating within this network. Microvascular
volume-filled fluidic networks enable heat transport interfaces between two glass
panes as an absorber of solar radiation. This application enables active material
temperature control by fluidic flow rates and absorptivity of the fluidic material for
higher conductivity. The flow of fluids within this microvascular network is
achieved by continuous circulation within it, through it and out of it, enabling
capture and removal of energy by recirculation, Fig. 5.2, for thermal heat unload
processes. These are bioengineering measures applied by nature vascularization
systems as photoactive layers. Leaves use microfluidic networks as a photosystem
for the circulation of ions, water and photosynthetic for photosynthesis and
regenerative functions. This method of using a fluidic material as a means to adsorb
inward thermal conduction and solar radiation heat transfer is nature’s mechanisms
of conductivity regulation. If shortwave irradiance/infrared spectrum NIR (but
avoidance visible light) is captured and the energy obtained is removed, this process
enables temperature control of the photosynthetic glass composite.

The embedment of a vascular network with a material (domain) inserted between
two panes of glass creates a photoactive adsorption layer. The domain materials
such as PMMA, PDMS, Epoxy for example are the interface between the two glass
panes as a thermal flow bridge. The network geometry embedded within the domain
material will be designed and orientated to the maximization of captured energy in
connection with solar radiation. Hence, the performance efficiency of the network is
intrinsically linked to the network design geometry, Fig. 5.7. This optimization of
microvascular networks geometry design can be quantified by thermal flow
analysis.

This higher conductivity adsorption of a glass material would be optimization by
the vascular network channel geometry. Each channel will have a direct relationship
to thermal gain as this will influence the glass pane thermal conductance.
Microchannel vascular network density will affect functionality and depend on two
key drivers.

e Singular channel (within a network) cross-sectional dimensional size.
e Network geometry channel density embedded within a domain.

A singular channel within a network will vary depending on the exposure to a
heat source and fluidic dynamics pressure flow. The embedded microchannel net-
work geometry design will correspond to material conductivity by heat source
impact (Olugebefola et al. 2010). This is heat seeking targeting to regulate thermal
flow between two glass panes as an adsorption photoactive interface layer.

Microvascular network embedded in polydimethylsiloxane (PDMS) bonded to a
single pane of glass has been researched by Hatton. The PDMS material contained
within its material domain a series of capillary 100-um-high channels created a
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Fig. 5.7 Microvascular network geometry design to uniform heat source (Olugebefola et al. 2010)

diamond network patterns to enable fluidic flow. A uniform heat load of 35-40°
was applied and measurements taken. Differing flow rates were assessed (0.2, 2.0,
10 m/L/min) to measure surface conductivity. Fluid chosen for the experiment was
water. The objective was to monitor the effectiveness of flow rates and fluid tem-
perature input to measure thermal energy transfer absorptivity of the water (Hatton
et al. 2013), Fig. 5.8.

The results concluded the input water temperature and flow rate was significant
in order to regulate material temperature via thermal energy transfer. However, the
only fluidic input temperature that gave encouraging results required cool water at
medium to high flow rates. This research did not undertake or investigation the
fluidic material performance or thermal behaviour within the microvascular net-
work. Network vascular geometry and fluidic conductivity will impact on the
effectiveness for capturing thermal temperature gains. However, channel design and
network geometry to regulate interface heat transfer are inevitably intertwined. The
enhancement of thermal properties of the fluidic absorber to increase heat transport
by chemicals has advantages. This is a designer molecule approach in enabling
nanoscale conductance intensification. Nature uses biochemical composition for
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Fig. 5.8 Average temperature line graph between inlet and outlet as a function of time for water
input temperature of 0° as indicated on the left and room temperature on the right (Hatton et al.
2013)
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Fig. 5.9 Biomimetic microfluidic infusion network (Hyung-Jun et al. 2013)

regeneration, self-assembly and adaptation. These chemical compounds of action
and reaction have been undertaken by Hyung within self-heal photovoltaic.

Vascular networks have been used as regenerative functions for hydrogel pho-
tovoltaic devices by photosensitive organic dye infusion, Fig. 5.9, to enable solar
cell high functioning performance. This hydrogel solar cell utilizes an embedded
microfluidic channels (fabricated by moulding) to enable photosensitive dye
molecules to adsorb photons and inject electrons in a conductive band to generate
energy (Hyung-Jun et al. 2013). These molecules were distressed by photodegra-
dation due to NIR intensity, and hence, regenerative cycles are needed to maintain
energy generation. The vascular network enabled electrolytes inclusion for regen-
erative chemisorbed dye molecules.

The network contributed to the energy generation performance to give photore-
generation of the hydrogel solar cell system and the impact of photoelectrochemical
oxidation by the introduction of chemical dye fluidics. The linkage to the vascular
network and the fluidic performance is integrated for the infusion replacement of
damaged photosensitive molecules. This same process can be applied to photosyn-
thetic glass to create thermal high-conductivity advancement by continuously cir-
culating a fluid into, through and out of the network to adsorb as a recirculation
process. These parameters will achieve steady-state temperature of a glass composite
material that is based upon biochemical engineering endothermic principles.

5.4.2 Fluidic Energy Densities

To gain high-thermal properties for heat flow transport is dependent on latent heat
release and internal thermal conductivity. Nanofluidics have these inherent
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compound properties (Agbossou et al. 2010), Fig. 5.10. This chemical designer
molecule approach of thermal conductance, to adsorb energy at the interface
between two panes of glass, provides heat seeking targeting as an abiotic absorp-
tivity layer. The thermal properties of this photoactive layer of heat transport are
criteria for higher conductivity management of a external glass surface and interior
heat absorbency with a microvascular network.

Nanofluidic chemical engineering of heat transport flow enables adsorption of
light photons at a nanoscale level of heat exchange management. The pursuit of
fluidic thermal high energy densities, as an optimized absorber, would be chemi-
cally designed to climatic regionalization. This is a chemical designer approach
synthesizing thermal conductance, viscosity, specific heat and diffusivity in
avoidance of low energy density fluidics, water. This improved thermal property of
convective heat transport coefficients, via nanoparticles (metal oxide, carbon nan-
otubes for example) for photosynthetic glass to increase absorbency of sensitive
heat from air and irradiance. These properties enable nanofluidic advancement of
heat transport applications by high-thermal conductance. This is achieved by the
following:
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Fig. 5.10 A typical ambient thermal loading: a intensity of solar radiation, b ambient temperature
and ¢ wind speed (forced convection generation) (Agbossou et al. 2010)
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1. The suspended nanoparticles increase the surface area and the heat capacity of
the fluid.

2. The suspended nanoparticles increase the effective (or apparent) thermal con-
ductivity of the fluid.

3. The interaction and collision among particles, fluid and the flow passage surface
are intensified as well as the mixing fluctuation and turbulence.

4. The dispersion of nanoparticles fattens the transverse temperature gradient of the
fluid.

The resulting compound referred to as nanofluids possesses a substantially,
larger thermal conductivity (Shin and Debjyoti Banerjee 2010) compared to the
original base fluids enabling greater heat flow transport. Experimental studies
conducted have indicated that the effective thermal conductivity increases
remarkably under macroscopically stationary conditions. Hence, nanofluids are
attractive materials for progressing and improving thermal conductivity of the heat
transfer liquid within photosynthetic glass. A starting point to establish a base
fluidic material within the vascular network could be as simple as a water/salt
hydrate solution and increasing its complexity to a chemical designer molecule
approach. Therefore, could a theoretical model of heat flow characteristics be
aligned to climatic regionalization and nanofluidic energy densities, by a classifi-
cation nanoscale thermal measurement system? This chemical designer approach is
the evolution of fluidic thermophysical optimization to correlate to climate and
microclimatic conditions, as a photoactive abiotic conductance layer.

5.4.3 Abiotic Adaptive Layer

Evaluation of heat flow monitoring and consequent reaction triggers are needed to
actively manage nanoscale absorptivity within microvascular networks and thermal
conductance effects upon the glass material. The engagement of sensors and
actuators controlled by an algorithm management response will enable parameters
setting in connection with solar radiation gain. This is achieved by fluidic flow rate
control and load shift energy removal from the heat absorber carrier fluid. Hence,
nanoscale fluidic monitoring by the evaluation of heat flow within the network and
temperature monitoring decay by that of heat loss are strategic functions. This
analysis to quantify thermal flow directly relates to, Fig. 5.2, datum temperature
point setting. This tracking of thermal flow creates a cyclic nanoscale system for
conductivity regulation by energy load—unload processes. This energy load shift
tracking of conduction is intrinsic to indoor set point temperatures.

The entire glass surface of a skyscraper could not be treated as one entity, as the
vascular network will have a resistance to flow and this would be considerable.
Pumping pressures need to be controlled, as energy generation from active con-
ductivity control of glass would be outweighed by the pumping energy demands
with in the network. However, the separation of the facade into multiple
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photoactive layers, Fig. 5.6, to work with gravity and reduce pumping pressure is
the starting point of this control process (Alston 2015) Fig. 5.11.

These photoactive autonomous layers have shared data communication inter-
faces to enable temperature monitoring of conductivity by fluid for heat seeking
targeting. This targeting will enable real-time adjustment to fluidic flow rates, by
actuators to manipulate fluidic thermal flow rate as a heat recirculation evaluation
cycle. This active management of thermal heat transport flow will feed into tank
reservoirs for energy unload process removal. Once the energy is removed from the
photosynthetic glass, the fluid recirculates back into the network. This feedback
loop completes the closed-loop exothermic cycle. These are learnt and applied
reaction responses to changing solar radiation patterns and absorptivity. The energy
unload process is created at a localized level, serving the microvascular networks in
avoidance of extended distribution feeds. This gives the optimization of pumping
energy demands and localized energy load—unload processes. The ability to use
tank storage reservoirs enables heat to electricity conversation by semiconducting
engineering. The developments of semiconducting nanocomposites to yield
high-performance energy conversion (Yuanfeng et al. 2013), Fig. 5.12, have been
undertaken. The quantum dots, for the thermopower enhancement of electrical
conductivity by energy generation using thermopower, have strong application
here. This coupled with thermostorage and gives optimization energy generation
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Fig. 5.11 Multiscale-integrated photoactive layers
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Fig. 5.12 a Pisarenko plot showing large enhancements of the thermopower (S) due to
simultaneous decrease in carrier concentration and increase in the carrier effective mass (m*) with
increasing excess Ni. Temperature-dependent b power factor; ¢ lattice thermal conductivity; and
d thermoelectric figure (Yuanfeng et al. 2013)

capacity Fig. 5.6 in meeting consumer energy requirement demands per floor level
by creating an automatous energy community to building floor level.

Each photoactive layer is directly related to a particular floor level to enable
energy floor level syncing. Each level will have its own energy consumer demands,
as skyscrapers have multifunctional typologies. Therefore, the energy generation
ratio, for demands for electrical and water heating, would be synced to the con-

sumer activity requirement. These energy demand requirements of differing energy
ratios can be demonstrated by Burji Khalifa:

e Armani Hotel: Concourse, Ground, floor levels: 1-8 and 38-39 with Armani
Residence 9-16 and 19-37.

e Sky Lobby with swimming pools, library and recreational rooms: floor levels
43, 76 and 123.

e Private residences: floor levels 44-72 and 77-110.
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Corporate Suites: floor levels 111-121, 125-135 and 139-154.
Restaurant: floor level 122.
Observatory floor 124.

5.4.4 Energy Syncing

The optimization of energy generation will be specific to consumer activity (office,
residential, recreational, etc.) giving energy modelling profiling per floor level zone.
The development of photosynthetic glass as a multifunctional system, and energy
production, distribution and storage technologies, into a glass envelope are new
methodologies. The integration of comfort systems for energy management and
localized energy generation is the new technological frontier. The breakdown of the
glass facades into an autonomous photoactive layer is a new direction than present
technological energy solutions—serves all approach. This connects energy
demands to a multifunction glass composite as a bioenergy system. System func-
tionality is however intrinsically linked to climatic influence and response. Glass
facades must be climatic adaptive, in response to regionalization. The selection,
design and application of the fluidic absorber within vascular networks, for thermal
high densities optimization, must be synced to meteorology. For the optimization of
this multiscale-integrated approach for reduction in primary energy demands, green
house gas reduction will enable energy generation and carbon footprinting to sync
with differing climates and typology.

The surface temperature of a building has variations due to orientation, localized
climatic conditions and relationship to surrounding buildings. This imbalance in the
exposure to solar radiation creates relative cooler surface temperatures to the
building envelope perimeter.

Therefore, the geometry design of the vascular network will change in its
complexity, in relationship to surface temperature fluctuations to building orien-
tation geometry. The determination of these two geometry systems can be obtained
by absorptivity calculation modelling (Alston 2015). The NIR input and conduc-
tivity output values will enable determination of vascular network geometry in
response to building geometry orientation. The absorbency and solar radiation
exposure of the fluidic material in Fig. 5.13 would also change in differing building
surfaces in response to irradiance. This approach simulates nature’s response, where
leaf density patterns and leaf surface area, changes in response to solar orientation.

Monitoring the photosynthetic glass temperature fluctuations of thermal con-
ductance at a nanoscale heat transfer level enables dynamic response to city heat
island effects. Heat islands create microclimatic conditions that have an impact on
regionalization climatic data sets. These variables relate to localized climatic con-
ditions, air temperature, air velocity, relative humidity, user behaviour and indoor
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Fig. 5.13 Vascular geometry linked to building surface geometry

heat load. A meteorological behaviour-forecasting module has been investigated.
A simulated data performance modelling has been undertaken, via algorithms, to
enable real-time climatic tracking. This data relates to ambient temperature, irra-
diance, occupancy profiling and indoor temperature and this system is called arti-
ficial neural networks (ANN) (Argiriou et al. 2004). ANN is an energy management
controller to forecast weather parameters to maintain indoor conditions within a
determined comfort zone, Fig. 5.14. This meteorological performance module
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Fig. 5.14 Performance of the ANN controller during the cold week. Top graph shows operative
temperature; bottom graph shows heating power (grey rectangles are comfort range)

enables indoor set point temperatures for predicting heating energy demands.
However, this could be applied to programmable management for microvascular
functionality in warm climates.

The ANN control module can accurately calculate required response, to maintain
indoor set point temperature to predict fast variations of irradiance, for example
clouds creating shadowing and temperature effect changes on the surfaces of
buildings via wind paths. The response of this changing evaluation of endothermic
heat flow would create surface-changing patterns of thermal absorptivity.

The surface effects of absorptivity of a fluidic heat transport carrier fluid will
create varying action and reaction chemical trigger responses to NIR. If the heat
carrier fluid chemical compounds contained photosensitive molecules, this would
create changing patterns of colour in response to interface heat transport within the
microvascular network. Synthesizing the nanofluid with adsorbing chemical dye
pigments fluidics enables chemical colour trigger response to NIR for the creation
of a myriad of changing colour patterning. The effects of thermal conductance of
interface heat transport will be displayed in colour, by the influence of irradiance,
building surface geometry, orientation and city core temperatures, Fig. 5.15.
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Fig. 5.15 Photosynthetic
glass matter/energy
Biosystem

W
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5.5 Future: Endothermic Glass

To gain a fundamental understanding of the interrelationship of glass matter and
energy for the regulation of thermal conductance to enable heat seeking targeting is
nested within climatic regionalization, city core temperatures and building typol-
ogy. These are biologically applied engineering principles by self-regulation of
thermal adsorption from nanoscale components. The fulfilment of photoactive
abiotic layers of daylight capture, to control irradiance absorptivity via photosyn-
thetic evaluation measures, will evolve glass surfaces into an intelligent material, is
the new frontier. The linkage of vascular network geometry, building orientation
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geometry and nanofluidics energy densities for high solar radiation capture and
climatic regionalization are focusing upon absorptivity.

These principles of active evaluation of heat flow trigger mechanisms by thermal
flow conductance interface regulation will create a optically clear transparent glass
composite for autonomous glass photoactive surfaces. These learn and apply
reaction response to regulate material conductance by biochemical, multifunctional,
nanoscale photoactive engineering will give emergent properties of thermal trans-
port programmable control of collective control.

A metabolic sequence of thermal transfer for indoor comfort conditions will be
achieved at a multiscale-integrated exothermic, recirculation cycle. The evolution of
an optically transparent facade as an energy system that responds to the environ-
ment and contributes to the planets energy needs. To enable reduction in indoor
cooling demands by lowering internal ventilation loads by greater control of glass
conductance in warm climates. This thermal adsorption cycle uses climatic
methodology data sets for programmable reaction boundaries by steady state, set
point temperature setting. An energy flow system for real-time reaction by the hour
seasons for energy harvesting syncing to consumer demands for multitypology
buildings. This conductance of heat flow cycle will enable dehumidification of glass
surfaces, an abiotic absorptivity layer of material hierarchical control to create city
resilience for the well-being of urban communities. This chapter is presenting and
discussing a conceptual construct for new photosynthetic composite glass material.
Further research is expected on building and testing of the prototype.
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Chapter 6

Simulation-Based Evaluation of Adaptive
Materials for Improved Building
Performance

Fabio Favoino

Abstract This chapter presents a method to evaluate the performance and to
support product development of adaptive micro- and nanobased material and
technologies, integrated into buildings. In the first section, an introduction to
adaptive building concepts is provided, followed by an overview of adaptive micro-
and nanomaterials for building envelope integration in the second part. The role of
building simulation in the development of innovative adaptive materials and
technologies is discussed in the third section, together with the limitations and
challenges of predicting by means of computation the performance of adaptive
materials. The most advanced methodologies and the characteristics of the tools to
support product development for building-integrated adaptive materials and tech-
nologies are presented in the fourth section. Finally, a case study is described to
demonstrate and illustrate some of the potential of those methodologies, consisting
in the evaluation of the performance of future generation adaptive glazing.

6.1 Adaptive Building Concepts for Improved Building
Performance

The 20-20-20 European policy established new and more stringent CO, emission
targets. This imposes bigger challenges for the development of new concepts and
technologies, capable of reducing the energy demand of buildings, while main-
taining acceptable levels of or improving the indoor environmental comfort. In fact,
the 2010 EPBD Recast (Energy Performance of Buildings Directive 2010/31/EU)
requires that by the end of 2020 (2018 for public buildings), all new constructions
should be “nearly zero energy building” (nZEB). The definition of “nearly ZEB”
given by the Directive is a building that has “very high energy performance [...]
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and where [...] the nearly zero or very low amount of energy required should to a
very significant extent be covered by energy from renewable sources, including
renewable energy produced on-site and nearby” (EPBD recast 2010). Although the
definition of the nearly (or net) ZEB given by the Directive allows a certain degree
of freedom, and a shared understanding of what exactly a nZEB is should be
reached, the achievement of this target requires the development of new concepts,
technologies and materials that can improve further the energy efficiency in
buildings. Among the others, technologies that improve the match between on-site
renewable energy production profiles and building load profiles are considered for
crucial relevance (Sartori et al. 2012).

The building envelope can play a significant role in the achievement of these
ambitious targets, due to its main function of heat and mass transfer interface
between the indoor and the outdoor environment. From the perspective of the
building envelope, the improvement of the building energy efficiency can be
achieved by means of two different design strategies: an “exclusive” and a “se-
lective” approach. In IEA Annex 44—Responsive Building Concepts and
Responsive Building Elements (Perino 2007; IEA-ECBCS 2010), the limits of the
“exclusive” approach at the energy balance of buildings are pointed out. A limit
exists for the energy saving achievable by means of energy-efficient building
concepts, which are created by excluding the outdoor environment from the indoor
environment, such as very well-insulated and airtight building constructions. This
represents a limit not only as far as the energy efficiency is concerned, but also in
terms of improved indoor environmental comfort and cost reduction. This can be
easily clarified by means of a simple example, which was ad hoc built for the
present chapter and which can be replicated by any designer or researcher. In
Fig. 6.1a, the results from the evaluation of the total primary energy consumption of
a reference building (i.e. office building located in London, with 40 % transparent
facade area) are shown. The example building under analysis complies with the
national regulations at different points in time, in terms of building envelope
characteristics (on the x-axis, the specific total heat transfer coefficient of the

(a)
Primary Heating+Cooling @ Primary Heating @ Primary Total 0.003 W/mK, 60 £/m2 ©0.03 W/mK, 10 £/m2
un-insulated 1990 i i
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Fig. 6.1 a Total primary energy use of office reference building in London, 40 % transparent area,
South—North-oriented, compliant to subsequent building regulations; b cost of the additional
insulation compared to the uninsulated baseline
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building envelope is plotted, for a building with a ratio of fagade to floor area of 1).
In Fig. 6.1b, the cost of the additional insulation compared to the uninsulated case is
shown. In the cost model, the following hypotheses are included: the additional cost
of the material is 10 £/m® for conventional insulation and 60 £/m?® for the
state-of-the-art insulation; the loss in sellable area due to the additional insulation
thickness is 5000 £/m? (average London price); the energy cost is 0.20 £/kWh with
an interest rate of 2 %; and the whole life of the fagade is 25 years. From Fig. 6.1a,
the following observation can be drawn:

e by reducing the heat transfer through the building envelope to zero, a significant
amount of energy is still needed to operate the building;

e while the primary energy use for heating is decreasing linearly, the cooling
energy use is increasing, eventually resulting in an increase in total primary
energy use, if the total heat exchange through the building envelope is reduced
further;

e to offset the building energy use to achieve the nZEB target, a very large amount
of renewable energy should still be provided on site, which may result in a
solution which is rather than spatially and/or economically feasible.

From Fig. 6.1b, on the other hand, it is immediate to realise that to achieve the
same improvement in energy saving performance, higher and higher costs need to
be invested. In other words, with the same sum of money, a lower and lower
improvement in terms of energy saving could be achieved by increasing the
insulation level alone. This is known in economics as “law of diminishing returns”
(Shephard and Fare 1974). Therefore, alternative energy-conscious designs yielding
a higher improvement in energy efficiency need to be implemented to achieve
significant reductions in building energy use, making the nZEB target easier to
achieve.

6.1.1 Evolution of Adaptive Facade Concepts

In contrast, in IEA-ECBCS (2010), the potentials of a “selective” approach at
building design are highlighted: energy-efficient building concepts can be created
by designing the building shape and envelope as a “selective filter” between the
outdoor and the indoor environment. In this approach, the building envelope is not
considered any more as a “static barrier” towards the outdoor environment, as it was
traditional, but it can incorporate the functions of managing and modulating the
energy and mass flow between the outdoor and the indoor environment, with the
aim of maximising the energy saving and the indoor environmental comfort. This
feature can be achieved by means of tempering, storing, shifting, admitting, redi-
recting and transforming the energy and mass flow through the envelope, together
with the function of rejecting them (Fig. 6.2).

The different functions described in Fig. 6.2 can be achieved by making use of
adaptive or responsive building elements (RBEs) and systems. The adaptive
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Fig. 6.2 The functions of the building envelope (IEA-ECBCS 2010)

building envelope is only one designation for a concept that has been described in
many different ways and sometimes with slightly different meanings. This concept
identifies the capability of the building envelope to adapt and tune its physical
properties according to changing boundary conditions. Different words have been
used as a synonym of adaptive, such as dynamic, responsive, smart, intelligent,
multifunctional, advanced, active, polyvalent and switchable, only to cite some of
them. In this chapter, only the terms adaptive or responsive will be used to avoid
ambiguity, in contrast to the word “static”, which identifies a traditional building
envelope or facade that exhibits constant physical properties across the range of
boundary conditions. Hence, an adaptive building envelope is defined as the ele-
ment of separation between the indoor and outdoor, which has the ability to
repeatedly and reversibly change its functions, features or behaviours over time in
response to changing performance requirements and variable boundary conditions,
with the aim of improving overall building performance (Loonen et al. 2013). With
the word “performance”, different concepts can be included, i.e. building energy
use, exploitation of available renewable energy sources (e.g. solar energy, wind
energy, geothermal energy), improved indoor environmental levels and so on.
Although recently developed as a clear and comprehensive definition, this
concept is far from being new. In fact, the first idea of a building envelope which
can actively manage the ventilation in order to respond to changing climatic
boundary condition and improve the building energy consumption traces back to Le
Corbusier, in 1930, with his “Mur Neutralisant”: “two membranes with a space of a
few centimetres between them [... where...] hot air is pushed if in Moscow, cold air
if at Dakar” (Le Corbusier 1930). These two membranes were intended to be made
of glass and/or stone. Thus, “Le Mur Neutralisant” can be easily represented as the
ancestor of modern double-skin facades. A more recent concept design for an
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adaptive wall is presented by Mike Davies in 1981, in his article “A Wall for All
Seasons” (Davies 1981). Davies’ idea was more evolved than Le Corbusier’s one,
consisting of a multilayered wall construction of few millimetres thickness, made
up of different electrically and chemically active layers able to tune their thermo-
physical properties, according to the stimuli coming from the indoor and outdoor
environment, accommodating conflicting and changing requirements:

...A environmental diode, a progressive thermal and spectral switching device, a dynamic
interactive multi-capability processor acting as a building skin...trading energy surplus for
energy need...adapting itself to provide best possible interior conditions... (Davies 1981,

p. ) (Fig. 6.3)

Since Davies’ inspiration, despite the impressive technological innovation in the
material science, in sensor and control technologies, as well as in human comfort
and behavioural science, it is not yet entirely possible to design building envelopes
which are able to behave in the way Davies envisioned. But this concept is still a
target to aim at for the future. In fact, nowadays, the stricter environmental regu-
lation for building energy efficiency brings designers back to a situation similar to
the one that generated such a vision. The idea of an “environmental diode” was one
of the building designers’ answer to the increased cost of energy caused by the *70s
oil crisis. In fact, there was a growing awareness that indoor environmental comfort
could not be achieved, in an energy-efficient way, demanding the whole need for
indoor climate control to heating, ventilation and air conditioning (HVAC) systems,
but that an energy-conscious design of the building envelope was needed, in order
to decrease the energy use of the building, providing at the same time a comfortable
indoor environment, in contrast to the uncomfortable indoor conditions and high
energy consumptions often created by modernist fully glazed building skins.

SR

Fig. 6.3 a Concept of “Le Mur neutralisant” by Le Corbusier (1930). b the “Polyvalent wall” by
Davies and Rogers (1981). (I: Silica weather skin and deposition substrate; 2: sensor and control
logic layer—external; 3: photoelectric grid; 4: thermal sheet radiator/selective absorber; 5:
electroreflective deposition; 6: micropore gas flow layers; 7: electroreflective deposition; 8: sensor
and control logic layer—internal; 9: silica deposition substrate and inner skin)
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One of the first steps towards Davies’ concept was the introduction of double-skin
facade (DSF), which became very popular in the 1990s (Oesterle et al. 2001). These
consist of controlling the air-flow pattern and characteristics, and eventually the
shading devices, comprised between two construction layers (either both of
them transparent, or the more external transparent and the more internal opaque),
according to the boundary conditions. Another fundamental step towards the
adaptive building envelope concept was achieved, thanks to the new developments
in material science applied to the building envelope, by introducing in the building
skin new micro- and nanobased materials with adaptive and responsive features
(Ritter 2007), as well as energy producing materials, such as photovoltaics. Among
these are chromogenic (electro-, thermo- and photochromic) materials, thermo-
electric and thermostrictive materials, shape memory alloys (SMAs) and phase
change materials (PCMs). The features and characteristics of some of these materials
were already extensively discussed in the previous chapters of this book. Nowadays,
many examples of building envelopes presenting adaptive and responsive features
exist (Loonen et al. 2013). Among these technologies there are Double-Skin Facades
or Advanced Integrated Facades (Saelens et al. 2003), switchable glazing (Baetens
et al. 2010), movable solar shading (Nielsen et al. 2011), wall-integrated phase
change materials (Kuznik et al. 2012), dynamic insulation (Kimber et al. 2014) and
multifunctional solar facades (Quesada et al. 2012a, b).

6.2 Adaptive Micro- and Nanomaterials for Building
Integration

The unique feature of adaptive building envelopes is the capability to adapt their
thermo-optical properties in a reversible way to varying boundary conditions (either
external, such as the climate, or internal such as occupants’ requirements), in order
to respond to changing priorities (i.e. minimising the building energy use, max-
imising the use of natural light). But many implicit concepts are embedded in this
definition, which need to be considered in order to correctly integrate RBEs into
buildings. This concept, in fact, includes the definition of the scale of the adaptive
mechanisms; the physical properties that are able to change dynamically and their
range of variability; the relevant physical domains in which the adaptation takes
place and that need to be evaluated; the timescale and the control of the adaptive
mechanisms; and the boundary conditions driving the adaptation. Different classi-
fications and reviews of building-integrated adaptive material and concepts were
proposed based on all these considerations (Loonen et al. 2015).

The mechanisms that foster adaptation can be distinguished into two scales,
depending on the spatial resolution at which the variation of physical properties
takes place. We are talking about macroscale if the modulation of system properties
is due to a change in the physical arrangement of the fagade system and operating
mode (i.e. double-skin fagades, operable shading devices) or about micro- and
nanoscale if this is due to a change in physical properties of a material embedded



6 Simulation-Based Evaluation of Adaptive Materials ... 131

into the building envelope due to reversible chemical processes (i.e. electro- and
thermochromism, shape memory, phase change). Also a combination of both could
be possible. The considerations and the methodologies presented in this chapter
apply to both scales. But from now on, this chapter will refer exclusively to the
micro- and nanoscale. In this section, an overview of the adaptive materials that can
be integrated into buildings at a micro- and nanoscale is provided, based on the
specific material properties that can be modulated. These materials can be integrated
into building envelope components, either transparent or opaque, to vary their solar
properties (transmission, absorption and reflection coefficients) and their heat
transfer (thermal conductivity) and/or heat storage (specific thermal capacity)
properties. For a full description of the specific material features and performance
and integration issues, the reader is directed to the specific chapters in the present
book in which the material is treated.

6.2.1 Modulation of Solar Properties

Adaptive glazing technologies are capable of dynamically modulating their
thermo-optical properties in response to external stimuli. This is achieved by
inserting a functional layer (or more) between two layers of glass, including a
so-called chromogenic material, which is the one able to modulate its transmission
and/or absorption coefficients (i.e. the amount of solar radiation that is transmitted
through and/or absorbed by the material), which are wavelength dependent. The
modulation of thermo-optical properties can be either a self-triggered adaptive
mechanisms, in which case the technology is said to have a passive or smart
adaptive behaviour, or triggered by an external stimulus, whereby the technology is
said to be active or intelligent.

Passive technologies include thermochromic TC (Granqvist 2007), thermotropic
TT (Nitz and Hartwig 2005; Mueling et al. 2009) and photochromic PC glazing. In
these technologies, the modulation of thermo-optical properties is triggered by a
change in the internal energy of the adaptive layer. A phase transition or phase
separation is induced by this change of internal energy, which in TC and TT layers
is revealed by a temperature variation.

Active technologies, such as electrochromic EC, suspended particle device
(SPD) and liquid crystal device (LCD), require a change in the electrical potential to
trigger a change in thermo-optical properties. The adaptation in EC is achieved by
changing the amount of electron density in a metal-based oxide, such as W, Mo, Ir,
Ti, V, Ni and Nb oxides, or polymers such as PANI and PEDOT (Grangvist 2007;
Jelle 2013). Various technologies exploit the EC feature of these materials in order
to achieve an optically controllable window. The molecules of these materials can
be found in gaseous state (gasochromic), or in solid state (all-solid-state elec-
trochromics). In all-solid-state EC, an electrical field is applied in order to
inject/remove electrons into/from the metal oxide molecules in the solid state, while
hydrogen molecules are used instead of voltage to gasochromic EC, which results
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in the colouring/bleaching of the material. In photo—electro—chromic (PEC) the
layer of EC material is coupled with a photovoltaic material layer for electron
injection, so that the EC system can be self-powered. An evolution of PEC is
represented by photo—volta—chromic (PVC), which differs from PEC in that the
photovoltaic and electrochromic functions can be separated, thereby facilitating
their integration with building management systems (Cannavale et al. 2013). The
modulation of optical properties in SPD and LCD is triggered by an electrical
current inducing an electromagnetic field, to align the suspended particles or the
liquid crystals, which are otherwise randomly ordered, thus allowing the light to
pass through it. Therefore, LC and SP devices need continuous stable potential
difference to maintain a certain state, thus requiring a higher electrical energy
demand than EC materials.

More advanced smart glazing is able to modulate only the infrared part of the
solar spectrum, without compromising the transparency to the visible radiation, and
these could be either thermochromic (Warwick and Binions 2014) or electrochromic
glazing (Garcia et al. 2013). Recently, a new transparent material was engineered
(Llordes et al. 2013), which shows independent electrochromic features in both the
visible and infrared portions of the solar spectrum, so that also the relative proportion
of solar spectrum transmitted through the glazing can be modulated.

The performance of adaptive glazing systems can be characterised by their
ability to modulate (1) the total solar heat gain coefficient (g-value), which is the
proportion of total (direct and indirect) solar radiation transmitted through the
glazing, and the visible transmission (7;s), which is the proportion of solar visible
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Fig. 6.4 T, and g-value of smart glazing technologies (variable thermo-optical properties along
the coloured lines) compared to standard double-glazing units (grey data points)
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radiation transmitted through the glazing. In Fig. 6.4, the modulation capability of
glazing adopting transparent adaptive micro- and nanomaterial is shown in terms of
g-value and T, for different smart glazing technologies, compared to conventional
“static” double-glazing unit (DGU). While only a single couple of g-value and T
value is possible for each DGU configuration, smart glazing technologies adopting
transparent adaptive micro- and nanomaterial are able to control the g-value and T,
along the lines in Fig. 6.4.

6.2.2 Modulation of Heat Transfer Properties

Modulation of heat transfer in an opaque component (also referred to as dynamic
insulation) is usually achieved controlling the convection of a fluid in a closed cavity,
either at a microscale level (in a nanoporous of microencapsulated material), or at a
macroscale level. From this classification, double-skin facades are excluded, because
the cavity of the system is not sealed to the outdoor and/or indoor environment, and
therefore, the insulation level is influenced by the property of the air itself. Earlier
dynamic insulation was achieved by integrating a facade with a system based on heat
convection through air (Brunsell 1995) or liquid (Buckley 1978). The former
involves a cavity that heats up the fresh air before it comes into a room and reuses the
heat from exhaust air. This technology, however, requires the building to have a high
level of airtightness, and the heat recovery system required would make it less
cost-effective (Gan 2000). The latter, so-called bidirectional thermodiode, is capable
of transferring heat in one direction and providing insulation in the other. Different
design variations of the bidirectional thermodiode have been proposed and tested.
The one developed by Varga, Armando and Afonoso (2002) for cooling season
achieved switchable apparent conductivity from 0.07 W/mK up to 0.35 W/mK. In
Pflug et al. (2015), a dynamic insulation system, which can be also translucent, is
developed by means of controlling the convection in a multicavity wall, just by
allowing convection between cavities in a multilayered construction. This is achieved
in this case by movable panels in the construction element, allowing communication
between the cavities. Micro- and nanobased technologies to achieve controllable
thermal conductivity adopt different strategies, by means of variation of gas pressure,
mean free path of the gas molecules and gas—surface interaction in an insulation
panel. In Xenophou (1976), a system is patented to vary the thermal conductivity by
controlling the pressure in a wall with a cell structure. Another example is found in
Benson et al. (1994), in which a variable thermal transmittance is achieved by
changing the pressure of hydrogen gas by means of absorption/desorption process of
the gas itself. Berge et al. (2015) developed a system to modulate the thermal con-
ductivity of the air in the nanoporous fumed silica structure of a vacuum insulation
panel (VIP) or in an aerogel blanket, by means of controlling the air pressure, while in
Kimber et al. (2014), the thermal transmittance of a wall is controlled by controlling
the distance between multilayered polymeric membranes.
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Fig. 6.5 Thermal conductivity (A) and U-value modulation of adaptive insulation materials and
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The performance of such systems/materials can be compared in terms of mod-
ulation capability of the thermal conductivity of the material, or U-value (total heat
transfer coefficient) of the construction element. Figure 6.5 compares the different
solutions found in the literature.

6.2.3 Modulation of Heat Storage Properties

Phase change materials (PCMs) are materials which are able to vary their specific
heat capacity at ambient temperatures. This feature is achieved by storing the
energy in the form of latent heat in the material, inducing a phase change (solid to
liquid and vice versa); therefore, little temperature variation is measured in the
material during the phase change (Cabeza et al. 2011). This allows us to store a
higher amount of energy compared to the energy that could be stored in a material
experiencing the same temperature variation. The advantage of PCMs is that they
can be designed in order to store energy in the form of latent heat at a desired
temperature, so that they can be used as a heat regulator in the building envelope or
in heat exchanger devices, with the main function of storing the heat when is not
needed and releasing it back when necessary. Different materials can be used as
PCMs in building applications, such as organic (paraffins, fatty acids, oleochemical
carbonates and polyethylene glycols) and inorganic (hydrated salts). They present
different durability fire resistance, hysteresis and supercooling issues. A full anal-
ysis of these issues is reviewed by Rathod and Banerjee (2013). Different appli-
cations of PCMs in buildings can be found in the literature, mainly in opaque
components. They can be integrated in building envelope elements (as walls and
slabs) as a passive heat storage (Kuznik et al. 2012) or activated on demand
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Table 6.1 Phase change materials’ thermal properties

Material Latent heat (kJ/kg) Phase change temperature (°C)
Paraffins 120-266 —57 to 112

Fatty acid 150-220 30-70

Oleochemical carbonates 144-227 —5.9 to 46.9

Polyethylene glycols 108-166 10-55

Inorganic PCM 126-251 —31to 116

Water 334 0

(Favoino et al. 2014a, b), integrated in building services systems (Cabeza et al.
2011) or integrated in renewable energy systems (Serale et al. 2015). Some PCMs
are transparent in the liquid phase and translucent in the solid one (paraffin waxes);
therefore, they can also be used in transparent/translucent facades as well (Goia
et al. 2013).

Phase change materials’ performance can be described in terms of the amount of
energy that they can store in the form of latent heat (without experiencing an
increase in temperature) per unit mass and in terms of the temperature at which the
heat is stored (phase change temperature). Table 6.1 provides an overview of the
properties of different phase change material types that can be used in the building
industry.

6.2.4 Challenges for Performance Evaluation of Adaptive
Building Envelope Materials

Evaluating the performance of adaptive materials integrated in the building
envelope presents more challenges to be addressed than conventional static mate-
rials and facades.

The influence of varying one or more of these material properties on the indoor
environment can be evaluated in different relevant physical domains: thermal,
visual, mass flow (air and/or moisture) and acoustic. The variation of a material
physical property can induce (or can be determined by) an influence in each one of
these physical domains. Most of the time, the effect on one single physical domain
cannot be separated from the others; for example, the change of the amount of solar
radiation with an electrochromic material is influencing both the thermal and the
visual domain. Hence, the evaluation of the performance has to rely on multiple,
interrelated building models, across different physical domains.

An important aspect influencing the performance of such materials is the way
they are operated. Ritter (2007) defined as “smart” those materials that show
reversibly changeable physical properties in response to some physical (thermal,
optical and mechanical) or chemical influence, while Aschehoug, Andresen,
Kleiven and Wyckmans (2005) refer to “intelligent” to describe any material or
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device that has the ability to adjust to changing boundary conditions due to a
subsystem that is able to sense and control the actuate on the material. Even if they
are often referred to as “smart” or “intelligent”, this does not ensure effective
operations, consequently increasing energy efficiency and occupant comfort. In
fact, to reach an effective performance, different components of an advanced facade
need to adjust to changing boundary conditions synergistically, cooperating toge-
ther and with other building services. This is a non-trivial task, as conflicts and
trade-offs need to be addressed in order to provide energy efficiency and a com-
fortable environment at the same time.

The boundary conditions that the adaptive building envelope can adapt to can be
defined according to the different elements that interact with it (Compagno, 2005).
In the building environment, three main levels of interaction can be defined
(Fig. 6.6). These are not alternative but different levels that can occur
simultaneously:

1. Climate: The adaptive building envelope can modulate its thermo-optical
properties according to the changes in climatic parameters (i.e. temperature,
solar radiation, air velocity). Generally, the interactivity with this domain is the
one considered with the highest energy saving potential. Saelens, Roels and
Hens (2004) show this concept applied to the operating mode and the evaluation
of performance of double-skin facades, while Kasinalis et al. (2013) evaluated
the energy saving and improved environmental quality potential of responsive
materials integrated into the building envelope adapting their physical properties
according to the seasonal climatic variation.

2. Building services: The modulation of the thermo-optical properties of the
adaptive building envelope cannot disregard the capability of the building ser-
vices to cope and integrate with this feature. For example, Saelens, Roels and
Hens (2008) show that the HVAC system can be integrated with a double-skin

Building Systems
HVACand Lighting

Climate Occupant
Resources

Fig. 6.6 Adaptive building envelope boundary conditions
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facade, such that the solar energy harvested in the air or water flowing in the
facade cavity can be used in order to reduce the energy consumption of the
HVAC itself. On the other hand, Nielsen, Svendsen and Jensen (2011) and
Correia da Silva, Leal and Andersen (2012) show the impact on building energy
saving of control strategies of adaptive glazing and shading devices integrated
with either the HVAC or the lighting system.

3. Occupant: The aim of an adaptive building envelope is not only maximising the
energy saving but also providing the building occupants with the required level
of indoor environmental comfort. Therefore, ensuring that an adaptive facade is
correctly designed in order to be controlled by the user, accommodating and
learning from occupant preferences, is of central importance. Even though very
few experimental studies have addressed the mutual influence between occupant
comfort, control and facade adaptation (Bakker et al. 2014), Aschehoug et al.
(2005) and Clements-Croome (1997) point out the main issues about integration
of intelligent control of adaptive envelopes with the building occupant; Correia
Da Silva, Leal and Andersen (2013) quantify that user behaviour can have a
significant impact on design parameters and on the performance (building
energy use in this case) of different adaptive fagade solutions during operations.

When designing and evaluating the performance of adaptive micro- and nano-
materials integrated into the building envelope, it is very important to address all
these different issues and challenges, which are normally not present, or less
important, in the design of facades adopting conventional “static” materials. In
particular, the interaction and integration of the fagade with these three general
types of boundary conditions define the performance of the interior space and the
building as a whole. The performance and the requirements for the indoor space can
vary from time to time and can sometimes be conflicting; therefore, the facades can
assume the role of an active regulator, finding trade-offs and mitigating conflicting
requirements, according to how it is operated in regard to the variation of boundary
conditions.

6.3 Role of Building Performance Simulation for Product
Development

It is intuitively understandable that a higher performance is achievable by using a
building skin which integrates materials able to respond to changing environmental
conditions and occupants’ comfort requirements. But the design and operation of
such a complex system is a challenging task.

In the design phase, the comparison of an adaptive solution to another, or to a
static one, cannot simply rely on “static” performance metrics such as U-values and
g-values, as these are no longer meaningful for building envelopes integrating
adaptive components (Goia et al. 2014); in fact, they can be dependent on the
boundary conditions. Even though some performance indicators have been
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developed, they are specific to the adaptive technology evaluated, i.e. dynamic
insulation efficiency € (Corgnati et al. 2007) and preheating efficiency n (DiMaio
and Van Paassen 2001) for double-skin facades, and are enable to compare one
specific adaptive technology to another, or to conventional solutions.

Moreover, design and control aspects are strongly interrelated due to the
dynamic interactions between the adaptive material, the outdoor environment, the
building services, the indoor environment and the building occupant (Loonen et al.
2013). The performance of systems integrating adaptive materials fully depends on
the control logic for facade adaptation during operation. In fact, to identify the
optimal design characteristics of high-performance adaptive building envelope
systems, not only design considerations (i.e. system parameters), but also insights
into operation strategies already need to be taken into account in the design phase.
This kind of problems, where the performance of design alternatives (upper level)
depends on the results of the control strategy (lower level) and vice versa, has been
described as bi- or multilevel optimisation problem by Evins (2015), who addressed
this kind of problem already for building services and energy systems design.

Using whole building performance simulation (BPS) enables the designer to
simulate all the possible configurations of the large number of components included
in the facade, with many possible control strategies, given a set of boundary con-
ditions (environment and occupants) across the boundaries of multiple physical
domains (thermal, luminous, acoustic, etc.). By doing so, the virtual model of the
building created within the software can be used to predict the whole building
performance, therefore allowing an absolute and true comparison between different
materials (either adaptive or static), systems and controls, by means of overall
building performance metrics (i.e. total primary energy, long-term
comfort/discomfort indexes as in Carlucci et al. (2015), whole-life value as in Jin
and Overend (2013)).

BPS in relation to adaptive materials and systems can be used in a different
context (research, product development, design and operation) and for different
purposes. According to Clarke and Hensen (2015), BPS can be applied to the
design of advanced building concepts (in this case adaptive building envelope
materials and systems) in order to (a) inform the decision making to support the
design process towards optimal performance regarding occupant comfort and
economic and environmental aspects; (b) predict the energy saving potential
compared to a baseline design as part of green building certification processes such
as LEED and BREEAM'; (c) virtual rapid prototyping to evaluate different
future-oriented concepts/materials; (d) exploration of high-potential control strate-
gies that can maximise the performance during operation; (¢) HVAC system sizing
and fine-tuning of the interaction between building envelope and other building

'LEED and BREEAM are voluntary assessment methodologies, whose main aim is to assess, rate
and certify the fulfilment of multiple building environmental performance criteria for different
phases of the building construction process (building design, construction and operation). For
more information about these building environmental performance assessment methodologies
please refer to Kubba (2012).
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services; and (f) virtual testing of the robustness of materials and systems with
respect to occupant behaviour and variable weather influences, even if the appli-
cation of whole BPS in relation to adaptive building envelope is still largely
unexplored (Loonen et al. 2014a, b). In fact, inspired by Davies’ vision, many new
concepts of multifunctional and adaptive facades and materials have been devel-
oped, but their adoption in the building industry is restricted by many barriers, one
of them being the inadequacy of BPS tools in representing their performance
(Favoino et al. 2015a, b).

6.3.1 Computational Evaluation of Adaptive Materials’
Performance to Support Product Development

In the area of adaptive micro- and nanomaterials and systems, many researchers
attempted to respond to the above-listed aims of R&D, building design and oper-
ation activities.

Some authors used parametric studies to understand the effect of changing
adaptive material design parameters (i.e. speed, range or mechanisms of variation of
physical properties), or context (i.e. building parameters, orientation, climate), on
building performance indicators (i.e. energy use, indoor environmental quality).
Saeli et al. (2010) and Warwick et al. (2013) performed a parametric analysis to
understand the effect of varying thermochromic material design parameters, such as
switching temperature and modulation range, on the total building energy use.
Cannavale et al. (2013) used a simulation model in order to evaluate the improved
visual comfort of different photo—volta—chromic design alternatives. DeForest et al.
(2013) performed a parametric analysis on context parameters (climatic context) in
order to understand the effectiveness of near-infrared electrochromics to reduce
building total energy use.

Other authors attempted to evaluate ideal characteristics of adaptive materials or
operation of adaptive systems in a certain context, either with a theoretical inductive
method, or by applying inverse methodologies proper of operational research. Ye
et al. (2012) and Ye et al. (2013) devised and tested optimal adaptive glazing
thermo-optical properties for different climatic locations in China, based on the sum
of building energy use for heating and cooling. Zeng et al. (2011) elaborated an
inverse methodology in order to devise optimal adaptive material properties of an
opaque building construction (i.e. thermal conductivity, thermal capacity and
melting temperature), based on the minimisation of the energy for heating. Favoino
et al. (2014b) attempted at devising ideal adaptive glazing material properties for
different contexts (climate and orientations), based on the minimisation of total
energy use in an office building.

All these studies and approaches present some constraints to be generally
applicable, as they are (i) application-oriented, as based on an energy model
restricted to a specific technology, or (ii) based on partial models, as only one aspect
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of performance is taken into account (i.e. heating energy use only, daylight comfort
only), or (iii) based on model assumptions and simplifications that may invalidate
their general results, due to the inability of current BPS tools to provide a general
simulation framework to model adaptive building materials.

In fact, current BPS tools present many barriers to a correct and easy evaluation
of adaptive building envelope concepts and strategies (Favoino et al. 2015a, b).
Among them are (a) the inability of simulating adaptive material properties, apart
from some application-oriented cases (modelling capability of a specific adaptive
technology/material) included in the user interface of the specific BPS tool; (b) the
inability of simulating high-performance operations of dynamic systems; and (c) the
limitation in scope of the specific BPS tool that is the availability of models in order
to take into account the performance of the adaptive systems in multiple domains
(i.e. not only thermal and air-flow but also visual and acoustic).

6.3.2 Simulation Strategies for Computational Evaluation
of Adaptive Materials

In order to overcome some of these limitations, different approaches have been used
to date by researchers. A first evaluation approach is circumvent the aforementioned
limitations by adopting workarounds, in order to simulate varying material prop-
erties and advanced operation. In Kasinalis et al. (2014), Favoino et al. (2014b), De
Forest et al. (2013), Loonen et al. (2011), Goia and Cascone (2014), and Gonzalez
and Fiorito (2015), time frames from separate independent simulation models of
different static systems, each one representing a possible state in the adaptive
material, are combined in a single representation. Therefore, the results of inde-
pendent simulations of static solutions are combined to provide the yearly perfor-
mance of the adaptive system. The way the time frames are composed together can
mimic advanced operations, such as a control strategy that minimises the total
primary energy consumption of the building for each time frame. This approach has
three downsides when applied to shorter adaptive system dynamics (shorter than
monthly): (i) it enables to account for delayed thermal response of the system due to
storage effect in the thermal mass of the building; (ii) it fails at taking into account
previous operation of the building system for each time frame (thermal history); and
(iii) it is not able to minimise the energy use of the building as it only considers the
current state of the dynamic system but not the effect of future predictions in current
operations (receding horizon control,”> RHC, Mattingley et al. 2011).

RHC is a feedback nonlinear control technique, solving an optimisation problem at each time step
to determine the control sequence (sequence of optimal adaptive building envelope properties) by
optimising a certain cost function, over a certain time horizon, which includes a certain future time
frame that, together with the present time step, the “planning horizon” constitutes the “cost
horizon”.
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A second approach is to develop ad hoc thermal network models, which are
validated with experimental measurements. For example, Zanghirella et al. (2011)
developed a thermal network model for a double-skin facade in order to test dif-
ferent operation strategies and to evaluate the energy performance of a building
adopting such a technology. Zeng et al. (2011) and Zhang et al. (2015) applied a
nonlinear optimisation method (sequential quadratic programming) in order to
evaluate the ideal characteristics (melting temperature and latent heat storage
capacity) of a wall-integrated phase change material. The advantage of this
approach is that the user has more flexibility to extend the model and fit model
equations to model purposes, i.e. varying thermo-optical properties of the material
during simulation runtime and/or integrating explicit optimisation algorithm in
order to optimise the operations of building-integrated adaptive materials in a
time-efficient way. Although in this case the model can often be limited in scope,
that is only a single thermal zone can be simulated, it integrates few validated
models and/or physical domains.

Finally, other researchers developed an integrated framework to simulate
adaptive building materials and systems by means of the state-of-the-art BPS tools
(Loonen et al. 2014a, b; Favoino and Overend 2015). In these simulation strategies,
the abovementioned limitation of current whole BPS tool overcomes integrating
multiple software, which performs different tasks on different levels: a coordination
software/layer, an optimisation software/layer and one or more evaluation
software/layers (the whole BPS tools used). The overall architecture and tasks of
these simulation strategies are summed up in Fig. 6.7. In the coordination layer, a
software is used to manage the simulation time and the thermal history in the
evaluation software (updates of building states, such as surface and construction
temperatures, according to the previous operations); the exchange of information
between different evaluation software (either by managing cosimulation® or by
creating lookup tables for the different adaptive material states); and the optimi-
sation parameters in the optimisation layer/software (i.e. objective functions, opti-
misation algorithm parameters). In the optimisation layer, an optimisation algorithm
can be used to optimise design and control parameters of the adaptive
material/systems, integrated with the operation of other building systems (i.e.
HVAC and artificial lighting) or perform sensitivity analysis, according to one or
more performance requirements (i.e. minimise the total primary energy use of the
building, and/or maximise the occupant thermal comfort, and/or maximise the
amount of natural light, and/or minimise the amount of glare). In particular, to
optimise the operation of the system together with the design alternatives, for each
design option, the optimisation layer generates alternative control options to be
evaluated. The evaluation layer is used to evaluate the performance metrics of each
single design alternative (with different design and control parameters) generated by

*Cosimulation is a simulation strategy in which two or more simulators solve systems of coupled
equations, by exchanging data during simulation runtime (Trcka et al. 2009). The cosimulation
functionality can be enabled by means of middleware software, such as BCVTB (Wetter 2011a).
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Fig. 6.7 Integrated simulation strategy for design and control optimisation in multiple physical
domains for adaptive/material systems

the optimisation layer. Different BPS tool alternatives can be adopted in this
framework in the evaluation layer, such as EnergyPlus (Favoino and Overend
2015), TRNSYS and DAYSIM (Loonen et al. 2014a, b). The advantage of these
simulation strategies is that they overcome the limitations of current BPS tools at
evaluating building-integrated adaptive materials and systems, both design and
control aspects can be optimised together, and advanced operations of dynamic
system integrated with building service systems can be simulated (i.e. receding
horizon control). The main drawbacks of this simulation strategy are the time
intensity of the modelling tasks prior to the simulation, the non-user-friendly
graphical user interface and the time efficiency of the whole simulation process
when many variables have to be optimised.

6.3.3 Simulation-Based Prototyping of Adaptive Materials

The introduction of novel, more accurate and comprehensive simulation strategies
opens new perspectives to the use of building simulation in the prediction of direct
and indirect benefits of the use of adaptive micro- and nanobased materials in
buildings. By direct benefit, it is meant the improved performance of the built
environment and its occupants, while indirect benefits can indicate the capability of
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adaptive solutions to counterbalance and compensate an eventual loss in perfor-
mance due to the depletion of other building systems or to changing scenarios.

The potential applications of the integrated simulation strategy, depicted in
Fig. 6.7, could be to:

e evaluate and compare the adoption of existing adaptive materials and tech-
nologies in energy-conscious building design;

e support the optimisation of the design of existing adaptive materials and tech-
nologies for a certain application;

e support the optimisation of the operation of existing adaptive systems integrated
with building services control strategies;

e support the product development and the engineering of innovative adaptive
materials and systems, driven by the product performance, rather than by the
technological development;
evaluate the viability/performance of new adaptive material concepts;
evaluate the robustness of adaptive material solutions to changing scenario (i.e.
building local external context, climatic context, building internal layout and
purpose, change of building component performance during the building life,
change in energy supply prices and policies).

Documenting the applicability and the potentials of this simulation-based
approach, some studies have been published already. Loonen et al. (2014a, b)
performed a parametric study to analyse the effect of design- and rule-based control
parameters of a smart glazing technology, combining liquid crystal switchable
windows and luminescent solar concentrators, on the total energy use and visual
and thermal comfort of office buildings. Khandelwal et al. (2015) analysed the
potential energy saving in terms of building total energy use for an office building
in different climates, adopting innovative transparent infrared switchable reflectors
integrated in the glazing, based on a proposed control strategy. Jin et al. (2015)
evaluated the ultimate energy saving potential and thermal comfort improvements
of adopting an adaptive insulation system in a specific building and climatic con-
text, by minimising both thermal discomfort and building total energy use. In
another study, Favoino and Overend (2015) evaluated the performance (in terms of
energy use and thermal and visual comfort) of adopting advanced control for
standard electrochromic glazing and of adopting independent switchable visible
infrared electrochromic glazing with advanced operation, for a specific case study.

Finally, Favoino et al. (2015a) devised optimal adaptive thermo-optical prop-
erties for future smart glazing and evaluated their energy saving potential for dif-
ferent buildings and climatic contexts. This is obtained by applying an inverse
methodology in order to solve a multilevel optimisation problem, in a specific
simulation strategy framework, as the ones presented above. In the next section, this
last case study will be briefly presented, in order to describe and explain the
potential of such a simulation-based inverse approach.
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6.4 Methodology and Simulation Framework

6.4.1 Methodology for Simulation-Based Support
Jor Adaptive Materials’ Product Development

The simulation-based case studies illustrated in the previous section are all based on
a similar common methodology that can be separated in clear different steps.
Loonen et al. (2014a, b) mapped out the different fundamental stages of this process
in order to be applied to support product development of new adaptive materials for
building integration. This process (Fig. 6.8) can be expanded to include the fol-
lowing consequential tasks:

1. set the goals and the multiple performance objectives, whom the adaptive
material/technology needs to respond to (1 in Fig. 6.8);

2. select performance indicators for the specific set of objectives, used either to
compare different design and operation alternatives, or to be optimised by the
operation of the adaptive material/system (2 in Fig. 6.8);

3. choose the appropriate modelling and simulation strategy, according to the
capability of the software tool to either model the specific adaptive technology
or model the advanced adaptive material operations (3 in Fig. 6.8);

4. choose the benchmark case(s), whose performance is compared to the perfor-
mance of the analysed adaptive technology; this could be another product

1. Set goals and
performance
objectives

2. Select
7. Decision-making performance
indicators

3. Modeling and
simulation strategy

6. Parameter study

5. Define tes! case 4. Performance
building models benchmark

Fig. 6.8 Simulation-based methodology for decision support in R&D of building envelope
technologies (Loonen et al. 2014a, b)
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and/or the same adaptive material with ideal/optimal properties (whose per-
formance can be evaluated by means of optimal design and optimal control) (4
in Fig. 6.8);

5. define test case building models, to analyse the applicability and performance
of the specific solutions in different building scenarios (5 in Fig. 6.8);

6. use sensitivity analysis in order to eliminate insignificant scenario or design
alternatives, reducing the search space for the eventual optimisation and
parametric analysis;

7. use parametric analysis to analyse the robustness of the design/control alter-
natives to scenario uncertainties (Hopfe and Hensen 2011), making use of
scenario-based optimisation (Matsuko and Borrelli 2012) (6 in Fig. 6.8);

8. define the alternative design and control parameters of the adaptive material
and/or system that need to evaluated/optimised;

9. perform the optimisation on the design and/or control parameter chosen;

10. postprocess the results of the optimisation/parametric study, in order to com-
municate and interpret them better, according to project aims and objectives;

11. communicate effectively the results from the scenario-based optimisation and/or
sensitivity analysis to stakeholders; this step is of crucial importance according
to many experts in the building optimisation community (Attia 2012);

12. support decision making guiding the development of the most promising
technological solution(s) for one or more design scenarios (7 in Fig. 6.8).

6.4.2 A Software Simulation Framework for Adaptive
Materials’ Performance Evaluation

In this section, the architecture of a tool adopting the general simulation strategy
presented in Sect. 6.3.2 (Fig. 6.7) is herewith detailed. This tool can be used to
support the development of adaptive material and technologies by means of sim-
ulation. It integrates (a) an evaluation layer for calculating the cost functions (i.e.
energy use and comfort), making use of the building energy simulation software
EnergyPlus (NREL 2011; LBNL 2011; Crawley et al. 2001); (b) an optimisation
layer for the optimisation of the control of adaptive thermo-optical properties,
making use of MATLAB (Matlab 2013) for multiobjective optimisation problems
and GenOpt (Wetter 2011b) for single-objective optimisation ones; and (c) a
coordination layer designed with MATLAB (Matlab 2013) to manage the time
horizons of the simulation strategy and to overcome some simulation issues of the
specific BPS tool adopted, related to the evaluation of adaptive technologies.

The evaluation layer based on EnergyPlus is capable of simulating different
dynamic materials and technologies, thanks to the use of the embedded energy
management system (EMS) (NREL 2013). This is employed for the following
tasks: (a) varying the thermo-optical properties of a material or a construction
during simulation runtime according to a predetermined control strategy;
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(b) computing the variables used for building services integration in the EMS (i.e.
illuminance levels and glare); (c) integrating the control of the dynamic building
envelope with the artificial lighting system, if needed (Favoino and Overend 2015);
and (d) computing the objective functions and the constraints used by the optimi-
sation layer from EnergyPlus outputs (i.e. total primary energy, long-term thermal
comfort, daylight autonomy, glare discomfort). The thermal history management
(THM) method is adapted from (Corbin et al. 2013) to deal with adaptive building
envelope properties, in order to set the initial boundary conditions of the building
according to the ending boundary conditions of the previous optimisation. Because
explicit state update in EnergyPlus is not possible, with this method, the building is
resimulated for a certain period (preconditioning horizon) with the previously
optimised control strategy for the adaptive building envelope properties, until the
start of the planning horizon before the start of every subsequent optimisation.

The optimisation layer consists of two submodules: a single-objective optimi-
sation and a multiobjective optimisation. The single-objective optimisation sub-
module is based on GenOpt, and a few different optimisation algorithms are
available including generalised pattern search (GPS), particle swarm optimisation
(PSO) (Wetter 2011b), genetic algorithms (GAs), and hybrid optimisation algo-
rithms (GA + GPS, PSO + GPS). The multiobjective optimisation module is based
on a genetic algorithm script in MATLAB and Non-dominated Sorting Genetic
Algorithm (NSGA-II) (Deb et al. 2002), adapted by the authors from (Kanpur
Genetic Algorithm Laboratory 2010), to fit the specific optimisation problem.

In the coordination layer, the inputs of the optimisation and the evaluation layers
are defined. These inputs include: the building envelope adaptive properties, their
modulation ranges and modulation time; the length of the planning, cost and pre-
conditioning horizons; the optimisation algorithm; the seeding strategy for opti-
misation, where known solutions (i.e. simpler control strategies or previously
optimised controls) are introduced in the initial population for the optimisation; the
selection criteria for the solution in the Pareto Front of the optimised control
sequences (sequences of optimised adaptive properties), if multiobjective optimi-
sation is performed.

The simulation process of the bespoke tool is shown in Fig. 6.9. Continuous
arrows indicate the model/input flow, while dashed arrows indicate result/output
flow between the layers. In this specific simulation strategy, two simulation loops
are performed: an inner one, control optimisation loop, and an outer one, simulation
and time management loop. In the inner loop, which is between the optimisation
and evaluation layers, the control strategy for the adaptive material/technology is
optimised for a certain cost horizon. The outer loop is used to move the cost horizon
and the simulation forward in time, resimulating previous optimised control and
coordinating the results from different building models. A step forward in the outer
loop is not performed until the inner optimisation loop for the specific cost horizon



6 Simulation-Based Evaluation of Adaptive Materials ... 147

Outer - Simulation and time management loop

B. Model and Optimisation
inputs

C. Generation of alternative
control sequences

D. Implementation of control
and constraints into EMS

it}

Pre-conditioning  Cost

simulaticn
Planning " Lost
=~ _ | Plansing e Cost, o
A. Parametric .igf e e A
Climate | Pre-conditioning " e Pre-conditioning "#lanning
B A . # Ly +

Orientation

R |(| p .. '. N ! f P . "‘ N - T p"

’ . - ~ -
-
~ — — — —
| Inner - control optimisation loop |
Coordination Layer Optimisation Layer Evaluation Layer
Matlab GenOpt/ Matlab EnergyPlus

Fig. 6.9 Software framework architecture. The arrows represent the flow of inputs/models
(continuous line) and of outputs/results (dashed line)

is not completed. In multiobjective optimisation problems, a Pareto front* is gen-
erated for each planning horizon, which is a set of solutions which are all Pareto
optimal. In order to proceed with the simulation, moving forward in time the
planning and cost horizon in the outer loop, a control solution needs to be chosen
and adopted from the Pareto front.?

The first part of the optimisation workflow (Fig. 6.9), (A) and (B), requires a
model to be built and is performed at the beginning of the simulation only, while
steps (C) to (I) are iterative and automated, until the end of the simulation period is
reached. The tasks performed in the different steps by the different layers are as
follows:

(A) a parametric model (EnergyPlus in this case) with variable orientation, cli-
mate, material properties and control strategy created;

(B) the coordination layer (MATLAB) is used to set the different parameters of the
model and the inputs for the optimisation (including the selection criteria of
the solutions in the Pareto front);

(C) the parametric model and the seeds for the optimisation are automatically fed
to the optimisation layer (GenOpt or MATLAB), which generates alternative
control sequences for the adaptive properties to be evaluated;

(D) each specific control sequence for the adaptive facade system and the con-
straints of the cost functions are implemented into the model (EMS system of
EnergyPlus);

“The Pareto front is a set of solutions, and all of them are Pareto optimal, that is, none of the
objective functions can be improved in value without degrading some of the other objective
values. With no additional preference information, all the solutions in a Pareto front are considered
equally good (Miettinen 1999).

SFor this task, different approaches can be used based on methods for multiobjective decision
making (Marler and Arora 2004; Pohekar and Ramachandran 2007).
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(E) the cost functions are evaluated by the evaluation layer (EnergyPlus), and the
results are returned to the optimisation layer in an iterative way until con-
vergence of the optimisation is reached;

(F) the optimisation layer defines the optimal control strategy (single-objective
optimisation problem) or the Pareto front of optimal control strategies (mul-
tiobjective optimisation), which is the time sequence of optimal facade
properties;

(G) if in the multiobjective optimisation the coordination layer selects one solution
from the current Pareto front and generates the seeds for the following opti-
misation period, according to the optimised control of the future time horizon
of the current optimisation;

(H) the optimisation horizon is shifted forward for a period equal to the planning
horizon by the coordination layer;

(I) THM is performed by the evaluation layer, i.e. the building is resimulated until
the start of the control horizon for the previous optimised period adopting the
optimised control sequence found in (F) or (G); steps (C) to (I) are repeated
until the optimisation horizon reaches the end of the simulation period and all
the results are stored.

6.5 Towards Future Generation Adaptive Material
for Smart Glazing

Different researchers applied similar methodologies in order to provide robust results
from their analyses/evaluations supporting product development of innovative
adaptive materials for building integration. To date, few case studies of
simulation-based support for adaptive materials’ product development exist, detailed
in Sect. 6.3.1. In the present section, the methodology mapped in one study (Loonen
et al. 2014a, b) and expanded previously (Sect. 6.4.1) is used to analyse a different
case study with different objectives than that used by Loonen et al. 2014a, b. This
concerns the evaluation of ideal adaptive thermo-optical properties for glazing
applications (Favoino et al. 2015a). These ideal thermo-optical properties are
expected to vary with the climatic location, the orientation, the type of building, etc.
Therefore, the methodology applied makes use of parametric analysis coupled with
optimisation to establish ideal adaptive glazing for specific boundary conditions and
identify the salient characteristics of an ideal technology in different scenario to steer
the development of the future generation of adaptive glazing. This case study will be
illustrated by going through the different part of the methodology outlined in the
previous section, to demonstrate that the methodology developed in Loonen et al.
(20144, b) could be generally applicable to different purposes concerning evaluation
and product development support for adaptive materials and technologies. The tool
detailed in Sect. 6.4.2 is used to develop the case study.
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6.5.1 Goals and Objectives

An ideal adaptive material for building envelope application can be defined as that
material that minimises the total energy use in the indoor space by means of
adapting its thermo-optical properties, in order to modulate overall building
envelope design parameters.

Sensitivity analysis is therefore adopted in order to evaluate which are the most
significant adaptive building envelope material properties influencing total primary
energy use. This was derived from the previous study (Jin and Overend 2013), in
which sensitivity analysis was performed on building performance in terms of
energy use, indoor environmental quality and whole-life cost of early-stage design
parameters (including facade, architectural and building services design parame-
ters). These findings are partly summarised in Fig. 6.10, which shows the ranked
influences on the total energy use (heating, cooling and lighting) of an enclosed
office building located in Helsinki, London and Rome, of (a) the window-to-wall
ratio (WWR); (b) the U-value (U,), g-value and visible transmission T4, of the
transparent facade; (c) the U-value of the opaque facade (U,,); and (d) the infiltration
rate (IR). The ranking is obtained from the absolute value of the standardised
regression coefficients and Sobol coefficients of the global sensitivity analysis.

From Fig. 6.10, it is evident that the glazing thermo-optical properties, i.e. the
U,, g-value and T4, together with the WWR, have the largest influence on the total
energy use of office buildings for different climates and orientations. This is also
confirmed for indoor environmental quality and whole-life value results. From this,
it is pertinent to assume that adaptive transparent building envelopes would have a
significant impact on the energy use in buildings.

Therefore, the building envelope parameters, whose modulation will be explored
to define ideal adaptive building envelope systems, are the ones pertinent to the
transparent part of the building envelope, namely the T, g-value and U-value of
the glazing. The following properties and characteristics need to be established in
order to identify an ideal adaptive glazing:

Helsinki e London o Rome Motk

South South South

g —Tvis Ug - = WWR —Up —IR

Fig. 6.10 Influence of fagade design parameters on total energy use in an office building for
different locations and orientations, as published by Favoino et al. (2015a), under CC-BY licence
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(a) the most effective modulation range of each thermo-optical property;

(b) the interdependencies between the modulations of different properties;

(c) the most effective timescale of the modulation range (i.e. seasonal, daily);
(d) the best control strategy for the switching of thermo-optical properties.

6.5.2 Performance Indicators

The primary total energy use of the building is chosen as the only indicator in order
to measure the performance of the ideal smart glazing technology. The specific
primary total energy use, E,, (kWh/m?y), is therefore evaluated as a normalised sum
on the building surface of the yearly primary energy use for heating E, e, co0ling
E, oot and lighting Ej jign. Other performance indicators could have been used
either together or alternatively to the E,, for example long-term thermal comfort
indexes (as in Carlucci et al. 2015), or visual comfort indicators, such as useful
daylight illuminance and/or glare discomfort probability (as in Gonzalez and Fiorito
2015), or net energy exchange indicator as profile matching index between energy
consumption and on-site energy production by means of renewable energy systems,
promoting energy self-consumption.

6.5.3 Simulation Strategy

The aim of this case study is to evaluate objectives a) to c) in 6.5.1, but this is
strongly dependent on how the ideal adaptive material is controlled (objective d)).
In order to detach the analysis, and therefore the characteristics of the ideal material,
from the control problem, an inverse approach is adopted. That is the ideal material
is supposed to have an optimal control as far as the performance indicator chosen is,
consisting in adopting a control that minimises the Ej. This approach differs from
the analysis presented by Loonen et al. (2014a, b), in which 6 different control
alternatives were tested. In this last case, the ranking of different design alternatives
could be dependent on the control strategy supposed, and therefore, the result may
not be considered absolute. To this purpose, the simulation framework detailed in
Sect. 6.4.2 was implemented, applying RHC to the control of the ideal adaptive
material, and integrated with the other building services.

6.5.4 Choice of the Benchmark

The choice of the benchmark for the ideal adaptive material performance could be
an arbitrary decision. The purpose of this case study is to show the potential of
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adopting an optimal adaptive solution compared to a conventional static one, as
well. For this reason, the benchmark itself could not be a design solution set a
priori, but it is the product of the same optimisation process (adopting the same
design variables and performance objective of the ideal adaptive solution), with the
only difference that the benchmark design alternative presents conventional “static”
material properties. For this reason, two benchmarks were adopted, a reference
building complying with building regulation (R) and an ideal “static” solution (Y,
as the same ideal material properties are maintained throughout the whole period of
evaluation consisting of one reference year).

6.5.5 Test Case Buildings

The test case building is a typical office reference room (3 m wide x 5 m
deep x 3.5 m high), with a WWR of 40 % on a single fagcade. The typical office
room is flanked by identical offices on its other three sides at the same level and on
the level immediately above and below it. The glazing of the fagade (40 % of
3 m x 3.5 m) has adaptive thermo-optical properties, and the opaque part of the
facade meets the minimum requirements set in the national standards. Indoor
comfort is considered as a requirement of the indoor space which is always met by
the building services if the adaptive ideal material alone is not able to provide it.
This means that indoor temperature has fixed set points for heating and cooling (20
and 26 °C, respectively) with a nocturnal setback (12 and 40 °C, respectively); the
primary air ventilation rate is set to 1.4 1/s m* when the office is occupied. The
threshold of 500 lux is considered for the minimum illumination level (EN ISO
15251:2007) to be maintained by a combination of daylight and a 5-step dimmable
artificial lighting system (at desk level, 0.8 m high, 1.5 m far from the facade). Even
though a more recent study suggests that lower thresholds, such as 300 lux, could
be sufficient to maintain visual comfort by means of daylight and artificial lighting
systems (Mardaljevic et al. 2012), but this has not been reflected in standards yet.
Schedules and peak loads for the building services, lighting, equipment and
occupation are defined according to the UK NCM database (BRE 2010). The
lighting power density is set to 12.75 W/m?, the equipment power density is
13.45 W/m?, and the occupation density is 0.111 person/m?. An average seasonal
efficiency of the heating plant of 0.85 is considered, and a seasonal energy effi-
ciency ratio of 3.5 is set for the cooling plant.

6.5.6 Sensitivity Analysis

Sensitivity analysis can be used at this stage in order to find the most influential
parameters of the building model on the performance indicators, to reduce to the
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minimum extent the number of the significant variables in the model, allowing us to
reduce the number of cases for the parametric study, as in Loonen et al. (2014a, b).

6.5.7 Parametric Analysis

Parametric analysis is used to evaluate the performance of the ideal adaptive
material under different scenarios. In fact, the specific thermo-optical properties of
the ideal glazing depend on the boundary conditions of the system, which consist of
the external boundary conditions. For this reason, a unique case study cannot be
considered representative; hence, a series of case studies is investigated. This is also
a way to test the robustness of the ideal solution to scenario uncertainties (Hopfe
and Hensen 2011), or to investigate what is the impact and effectiveness of an
adaptive material solution in a different market context (different countries or types
of building). The approach by which a design and/or control alternative is optimised
according to different scenarios is also referred to in the literature as scenario-based
optimisation (Matusko and Borrelli 2012). The different parameters varied in this
specific parametric study are the climate of the building, the orientation and the
thermal inertia of the reference room. Therefore, the evaluated case studies are
located in three different temperate climates (Helsinki, London and Rome), in the
four cardinal orientations. Different reference facades and fuel factors are used in
order to account for different national climatic and legislation contexts in Rome,
London and Helsinki, according to the EN ISO 13790:2008 (Table 6.2).

In order to assess the sensitivity of the results to the thermal inertia of the
building, an office room with lower thermal inertia is also evaluated, and this is
referred to LI (low inertia). This office reference room with lower thermal inertia
adopts an opaque curtain wall and a composite concrete—steel deck slab con-
struction, resulting in a time constant between 15 and 24 h, compared to the
42-63 h of the insulated brick cavity wall and reinforced concrete slab of the higher
inertia alternative. The time constant is used to quantify the thermal inertia of the
office reference room. This is calculated numerically by means of measuring the
response of the reference room (in terms of indoor air temperature) to a step
solicitation in outdoor temperature.® The time constant is measured as the time
required by the indoor air temperature to decrease its value by 63.2 % of the step
temperature solicitation. The thermal capacity (internal and external), the superficial
mass and the time lag of the constructions used in the high and low thermal inertia

SFor this evaluation, no internal loads (occupant, lights and equipment) and no solar loads are
considered in the room model.
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Table 6.2 Office reference room and reference fagade (R) characteristics, as published by Favoino
et al. (2015a), under CC-BY licence

Climate Heating Uwall Uglazir% g'Value (_) Tvis (_) fElcc fNat
degree days (W/mZK) (W/m“K) -) Gas
[base] (°C) -)
Rome | 1415 [20] 0.29 2.00 0.72 (N, S) [0.76 (N, S) |2.180 |1.000
London | 1828 [15.5] 0.27 2.00 —058 (E, |—061(E, |1.026 |2.580
Helsinki | 3902 [18.5] | 0.16 1.00 W) W) 1.700 | 1.000

Table 6.3 Thermal capacity of the constructions adopted in the office reference room, as
published by Favoino et al. (2015a), under CC-BY licence

Unit Insulated cavity | Curtain Concrete | Concrete—steel
brick wall wall (LI) slab deck slab (LI)
Internal thermal | kJ/m’K |36.2 21.7 67.8 67.2
capacity®
External thermal | kJ/m? 106.3 23.2 29.3 29.9
capacity” K
Superficial mass kg/m2 412 54 675 315
Time lag h 11.61 1.63 10.61 6.26

“In the case of a horizontal partition, if it is considered as a ceiling, the internal and external
thermal capacity needs to be inverted

office are summarised in Table 6.3, and these are calculated according to EN ISO
13786:2008.

6.5.8 Material/System Design and Control Parameters

Since RHC control is adopted for the operation of the ideal adaptive material, only
design parameters are present. The design parameters are the speed of the adaptive
mechanisms, ranging from ideal static (Y) to monthly (M) and daily (D) and the
ideal material properties. The ideal properties that can be controlled dynamically are
overall performance indicators of the glazing portion, the U-value (W/m? K), the g-
value (-) and the Ty;s (-). For each property, a modulation range is calculated
assuming that an ideal adaptive glazing can modulate its thermo-optical properties
in a continuous way within the full physically feasible thermo-optical range. These
physically feasible ranges are confined by the properties of existing static
state-of-the-art double-glazing unit systems. In Table 6.4, the modulation ranges are
detailed. Moreover, a physical constraint exists limiting the maximum ratio between
Tyis and g-value.”

"This theoretical maximum is limited by the ratio of the energy contained in the solar visible
spectrum compared to the whole solar spectrum at the sea level, which is approximately 42 %.
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Table 6.4 Modulating ranges of glazing thermo-optical properties, as published by Favoino et al.
(2015a), under CC-BY licence

U-value (W/m? K) g-value (-) Tyis (=)
Range (min-max) 0.2-5.14 0.01-0.84 0.01-0.98

6.5.9 Optimisation

The optimisation problem can be formulated as follows:

1fZ(X(t)) <041 f(X) = Ep = Ep,heat +Ep,cool +Ep,ligh [lilllz}},l} (61)

| Z(X(1) > 041 £(X) = Eppeat + Ep coot + Epiigh + kZ(X(1))? [l;gyy} (6.2)
min g-value—0.42-1;

where Z(X (1)) = £YANE0 2T [_] (6.3)

and X (1) = (U—value(t) [%] , g-value (1)[—], Tvis(t)[—]> (6.4)

where X(z) is the vector of adaptive glazing properties as defined in Table 6.4, Z(X)
is a penalty function introduced to constrain the variable space X(?), representing the
distance of the solution from the physical limit (see footnote 5), fiX) is the cost
function, k = 10 for daily adaptive facade and k = 10* for the monthly one, and  is
the modulation time of the facade thermo-optical properties (monthly, M, and daily,
D). The value £ is chosen such that the penalty function is one order of magnitude
larger than the total primary energy use in the building.

A hybrid algorithm, named particle swarm optimisation (with constriction
coefficients) with generalised pattern search Hookes—Jeeves implementation
(GPSPSOCCH]J), was used for the optimisation (Wetter 2011a, b). This algorithm
was chosen as it offered the best trade-off between computational time and opti-
mality of the results when compared with alternative algorithms. The hybrid
optimisation algorithm (GPSPSOCCHJ) achieves this as it couples a global
stochastic population-based optimisation algorithm (PSOCC) with a local one
(GPSHJ), ensuring that a result close to the global minimum is found with the first
algorithm, which is then improved by the local search.

Other optimisation algorithms can be used depending on the number of objec-
tives of the problem and on the nature of the objective function(s), for example in
Jin, Favoino and Overend (2015) a Genetic Algorithm was used in order to solve a
two-objective optimisation problem.

6.5.10 Postprocessing of Results

For each alternative scenario, a time series of optimal states (thermo-optical
properties) is generated, for each modulation time of the adaptive material. Each
data and time series has also embedded information regarding its performance, in
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terms of total primary energy, primary energy for heating, cooling and lighting
saved. This is a large amount of information, whose content and usefulness need to
be readable by the stakeholders of the design process. The way this information is
postprocessed and communicated depends on the specific design problem, and it
relates to the aims and objectives set at the beginning of the process. One of the aim
of this study is to understand what are the adaptive glazing material properties with
the largest influence, what is the most effective interval of variation of
thermo-optical properties and whether there is any relationship between different
adaptive properties. This is done by introducing a frequency analysis in order to
understand (1) the most frequent intervals/values for each adaptive property and
(2) the intervals/values for each thermo-optical property, which make the largest
contribution to reducing energy demand with respect to the yearly optimised static
material, Y. Moreover, this analysis could be useful to establish the frequency
distribution of each single adaptive property in its domain of variability, thereby
establishing whether technologies with the same ability to modulate a specific
thermo-optical property could be effective in different orientations and in different
climates and whether discrete values of thermo-optical properties could effectively
replace a continuous modulation range.
In order to perform the frequency analysis, two measures are defined:

e the cumulated time frequency ctf of each adaptive property Xi over the yearly
period:

fX,0+AX11| ;
thX’. _ Xio X —0<X;<Xi+ 0 (%) (65)

[ dt

that can range from 0 to 100 % and indicates the proportion of time during the year
(t) during which a certain property (X;) lies within a certain interval of values;

¢ the performance frequency 7y of each adaptive property X; compared to the best
static solution (Y):

_ EpoptY - Epideal adaptive
EpoptY

x, (%) (6.6)

Xi—0<X;<X;+0

t

that ranges from O to 100 % and defines the energy saved by varying each adaptive
property X; in a certain range compared to the static yearly optimised solution over
the same period (7).
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6.5.11 Communication of Results

The results of the scenario-based optimisations undertaken are presented in three
ways: (1) the energy saving potential of the optimal adaptive transparent material
with progressively shorter modulation time of adaptive thermo-optical properties
(from month to day); (2) the modulation ranges (i.e. the variability of the adaptive
properties) required to minimise the total primary energy use; and (3) frequency
distribution of each thermo-optical property in its modulation range and the
effectiveness along the modulation range in terms of energy saving. Moreover, the
relationships between different properties and the common features of the ideal
glazing technology that could guide the development of next-generation switchable
glazing are discussed.

The results of this study will not be entirely presented and discussed here, for the
sake of brevity. In this section, only partial results will be presented, and for the
entire results and interpretation and set of data, please refer to Favoino et al.
(2015a). A general discussion about results outcomes and interpretation is provided
in the next section.

The specific total primary energy use of the office building and the share in the
primary energy for heating, cooling and lighting is shown in Fig. 6.10 and in
Table 6.5. The analysis is performed for three climates, i.e. Helsinki, London and
Rome, and four orientations (North, East, South and West), but only the London
results are herewith presented. Four different case studies are considered for each
location and orientation: (a) the reference facade (R), which satisfies the minimum
requirements in each national context; (b) the yearly optimised glazed facade (Y),
which minimises the total yearly primary energy use and corresponds to the best
possible “static” glazing materials in the domain defined by commercially available
products (Fig. 6.5, grey data points); (c) the ideal monthly adaptive glazing
materials (M), which are able to adapt their thermo-optical properties on a monthly
basis; and (d) the ideal daily adaptive ones (D), which are able to adapt the
thermo-optical properties on a daily basis.

Both reference R and yearly optimised Y glazing materials represent
state-of-the-art “static” solution, and a difference between R and Y case indicates
that in terms of total energy use for the specific building typology and climate,
better performing “static” glazing materials than the ones required by national
standards could be chosen. Consequently, the Y facade is a more appropriate
benchmark, as it provides the highest energy saving achievable with the conven-
tional “static” design alternatives. However, energy saving (ES) potential in
Fig. 6.10, and in Table 6.5, is expressed with respect to the reference facade R.

The optimal properties (U-value, g-value and T.;s) of the ideal adaptive glazing
system in a South-orientated facade in Rome are represented in Fig. 6.11. Different
cases are represented in a 3D space including a) Case D (small green data points)
and their projections on the different planes (U-value—g-value small yellow data
points, U-value—T,;; small blue data points and g-value—T,;; small red data points);
(b) Case M (white data points with white projections); (c) Case Y (large green data
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Table 6.5 Energy use and energy saving potential of ideal adaptive glazing material, as published
by Favoino et al. (2015a), under CC-BY licence

Ep tot Ep heat Ep cool Ep light ES ES ES ES
(kWh/m?y) | (kWh/m?y) | (kWh/m?y) | (kWh/m?y) | tot (%) | heat (%) |cool (%) |light (%)
R | North |153.61 117.55 2.40 33.66
East | 150.22 109.61 5.13 35.48
South | 126.26 81.89 12.93 31.44
South | 133.63 81.61 20.58 31.44
—LI
West | 152.19 110.16 7.53 3451
Y |North |130.19 86.62 6.52 37.05 15 26 -172 -10
East | 128.62 77.79 14.20 36.63 14 29 -177 -3
South | 111.67 64.18 12.10 35.39 12 22 6 -13
South | 113.07 64.38 13.30 35.39 15 21 35 -13
—LI
West | 131.69 81.83 14.07 35.79 13 26 -87 -4
M | North | 126.80 87.95 1.78 37.07 17 25 26 -10
East | 115.34 75.76 2.65 36.94 23 31 48 -4
South | 98.37 56.58 6.07 3572 22 31 53 -14
South | 103.78 60.53 7.08 36.17 22 26 66 -15
—LI
West | 117.78 77.15 436 36.26 23 30 42 -5
D |North |116.17 73.46 0.24 42.47 24 38 90 -26
East | 100.49 61.05 0.43 39.02 33 44 92 -10
South | 85.17 44.93 1.62 38.62 33 45 87 -23
South | 87.45 46.46 1.97 39.02 35 43 90 24
—LI
West | 100.74 63.00 0.78 36.96 34 43 90 -7
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Fig. 6.11 Specific total primary energy use for different orientation and reaction time of the ideal
adaptive glazing material for the climate of London (R = Reference, ¥ = Yearly optimised,
M = Monthly adaptiveness, D = Daily adaptiveness,). Percentages indicate the energy savings
compared to the R static glazing material. As published by Favoino et al. (2015a), under CC-BY
licence
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Fig. 6.12 Ideal adaptive glazing material thermo-optical properties (reference: grey big dot;
yearly: green big dot; monthly: white dots; min: green small dots) and their projections for Rome,
South-oriented case. As published by Favoino et al. (2015a), under CC-BY licence

points with large coloured projections); and d) Case R (black dot with grey pro-
jections). The black circles in Fig. 6.12 represent concentrations of optimal solu-
tions in certain areas, which will be evaluated in the frequency analysis.

The values of the ctf and of the 7y of each adaptive property X; are shown in
Fig. 6.12, for different climates (Helsinki, London and Rome), for the
South-oriented facade (darker lines) and for the office room with high and low
inertia (LI, with lighter colour lines). The four graphs in the figure present the
results for (a) U-value, (b) T,is/g-value, (c) Tyis and (d) g-value, respectively. The
slope of the ctf profiles indicates that the relevant property under analysis has a
higher frequency in that corresponding interval, while peaks of #y indicate the
percentage of energy saved when the corresponding property lies within a certain
interval of values, with respect to the best static materials, whose corresponding
property values are indicated by dashed vertical lines (Fig 6.13).

6.5.12 Decision Making: Directions for the Development
of Ideal Adaptive Glazing Properties

After one or more design process loops through the previous stages, a synthesis of
the results and eventually a design decision is finally required. In this case, there is
not a unique design decision, but a set of directions for transparent adaptive material
development.

The results of this case study constitute the upper limit of the performance
achievable by a monthly and daily adaptive glazed facade for commercial buildings.
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Fig. 6.13 Frequency analysis for South-oriented ideal adaptive glazing material properties: a U-
value, b T,;/g-value, ¢ T, d g-value. As published by Favoino et al. (2015a), under CC-BY
licence

The term ideal or optimal, in fact, stands for an ideal range of variability, whose
limits were derived theoretically. The limits are physically achievable, although the
appropriate glazing products have yet to be developed. Moreover, a future devel-
opment should be translating these results, which are in terms of overall glazing
system properties, to transparent material physical properties (spectral transmission,
absorption and reflection coefficients, and equivalent thermal conductivity of the
glazing cavity), although some important considerations regarding physical prop-
erties can already be depicted from these results.

Moreover, important observations can be drawn from these results concerning
the operational energy saving potential of ideal adaptive glazing materials, the
features required to achieve this saving and the most effective modulation ranges of
the thermo-optical properties.

It was shown that the energy saving potential is proportional to the modulation
speed of the glazed facade (Fig. 6.10 and Table 6.5). The magnitude of the
achievable energy savings is sensitive to the climate and orientation of the
room/building (Figs. 6.10 and 6.12), but the most effective modulation ranges and
values of thermo-optical properties of the optimal adaptive glazing appear to be
independent of the climate and the orientation (Fig. 6.12). In particular, it was found
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that in colder climates, like London and Helsinki, a significant reduction in oper-
ational energy can be achieved by modulating the optical properties on a daily basis
when compared to a monthly modulation (Fig. 6.5). Furthermore, modulating the
U-value of the glazing in these climates yields limited energy savings (Fig. 6.12a).
In hotter climates, such as Rome, larger energy savings are achievable, due to the
capability of reducing the cooling energy demand by means of seasonal and daily
adaptive glazing materials. In particular, a step change in energy saving is achieved
when adopting a monthly adaptive glazing in lieu of a static one (Table 6.5).
Moreover, adaptive glazing appears to have a high potential in mitigating the effects
of future climate scenarios, as they are able to reduce cooling demands, more
effectively than heating energy use (Table 6.5). This could become particularly
important as in terms of total primary energy reduction, as cooling loads are
becoming preponderant also in colder climates, due to the significant increase of
insulation levels and airtightness promoted by the building regulations.

From a technological point of view, the desirable features for future generation
adaptive glazing in terms of energy saving are as follows: (a) providing the largest
possible modulation range in U-values particularly for hotter climates (Fig. 6.12a);
(b) independently modulating the transmission of the glazing in the visible and the
infrared portion of the solar spectrum (Fig. 6.12b); (c) providing a higher luminous
efficacy closer to its theoretical limit of 2.41 (Fig. 6.12b); (d) the modulation range
of the visible transmission and the total solar transmission do not need to be
extended to the entire physically feasible range, but can be limited to an upper
bound of 0.5-0.6 (Fig. 6.12c, d); and (e) the ideal thermo-optical states of the
adaptive glazing could be reduced to a few discrete states in order to reduce the
technological complexity of the solution and of the control strategy (Fig. 6.12), but
the effectiveness of this possibility needs further investigation. Moreover, the
optimal thermo-optical properties of the adaptive facade calculated with the present
method are not affected by the thermal inertia of the building (Fig. 6.12). Even
though the effectiveness of an adaptive facade is sensitive to the thermal inertia of
the building, this sensitivity reduces with the modulation time of the adaptive
facade (Table 6.5).

On this basis, by analysing the data from different climates and orientations, it is
possible to develop a single glazing technology, adopting adaptive materials that
can accommodate the performance characteristics and the level of adaptiveness of
different climates, orientations and buildings. In particular, an independent visible—
infrared tunable adaptive material is already under development (Llordes et al.
2013), but the same features of this technology could be eventually achieved by
coupling infrared and normal electrochromics, but the feasibility of this solution has
never been explored. As far as controlling the U-value in a glazing cavity, the
approaches of controlling (a) the convection in a close cavity (Pflug et al. 2015),
(b) the distance between different polymeric transparent layers in a cavity (Kimber
et al. 2014) and (c) the gas pressure in a close cavity (Berge et al. 2015) deserve
further investigation.
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6.6 Conclusions

Adaptive micro- and nanobased material integrated into buildings and building
envelopes could unleash a great potential towards the achievement of nZEB target.
In fact their adoption in buildings can reduce their energy use, match the energy
demand with energy availability, while maintaining or even improving the level of
indoor environmental quality. To date, these potentials remain largely unproved and
unexplored. This is partly due to the inability of current methodologies and sim-
ulation strategies to cope with (i) the evaluation of new and existing adaptive
materials and (ii) the design and control optimisation of these new technologies for
building integration.

In this chapter, an introduction to adaptive concepts and technologies was given
first, contextualised to the current regulatory and performance context at a building
level, followed by an overview on different micro- and nanobased technologies to
achieve adaptive behaviour in building materials and building envelope components.

The evaluation of adaptive building technologies presents additional challenges
with respect to conventional static building constructions. Among the others are the
interconnection between design and control aspects and the mutual influence
between building-integrated adaptive materials and boundary conditions, in mul-
tiple physical domains. Therefore, the use of building performance simulation can
assume an important role to support the evaluation and the product development of
existing and new adaptive micro- and nanomaterials, as discussed in Sect. 6.3.

For this purpose, accurate and comprehensive methodologies and simulation
strategies are needed, but to date, few case studies have been presented to validate
and develop such methodologies and simulation frameworks, which are presented
in Sect. 6.4.

In the last sections of this chapter, the methodology for simulation-based support
for adaptive materials and technology for building energy efficiency, which was
developed by one research group, is explored and detailed by means of a case study
developed by different researchers. This is done to reinforce the generality of the
methodology and to elucidate it with a different case study. This concerns the
characterisation of ideal adaptive material/technology properties for different cli-
matic and building scenarios. It is demonstrated that this method and simulation
framework can be used to guide and provide simulation-based support for product
development of adaptive materials (micro- and nanobased) and in general for
adaptive building technologies.
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Chapter 7
Nanotech-Based Vacuum Insulation
Panels for Building Applications

Bjorn Petter Jell and Simen Edsjo Kalnzes

Abstract Vacuum insulation panel (VIP) represent a state-of-the-art
high-performance thermal insulation solution. The pristine non-aged
centre-of-panel thermal conductivity value for a VIP can be as low as 0.002-
0.004 W/(m K) depending on the core material. Normally, declared average values
accounting for thermal bridge effects and ageing during, e.g. 25 years are to be given,
typical an effective thermal conductivity value between 0.007 and 0.008 W/(m K)
for VIPs with fumed silica cores. VIPs enable highly insulated solutions for building
applications, both for the construction of new buildings and for the renovation of
existing buildings, and may hence be a measure to reduce the energy usage in
buildings without having to employ very thick building envelopes. This study gives
a state-of-the-art review of VIP products found available on the market today and
explores some of the future research possibilities for these products. The application
of nanotechnology is regarded as a promising pathway for achieving and improving
both vacuum- and non-vacuum-based high-performance thermal insulation materi-
als. During the last years, VIPs have been utilized with success for building appli-
cations in increasing numbers, where one of the main driving forces is the increased
focus on, e.g. passive houses, zero energy buildings and zero emission buildings.
Thus, VIPs are now in the early market stages as a building product. The imple-
mentation of VIPs in various building constructions has lead to an increased interest
in the utilization of this product, both in new and refurbished constructions. Even
though there is not enough data to conclude the effect over a lifetime of a building
yet, the immediate result in decreased energy usage can be seen. However, the
challenge of guaranteeing a set of lifetime expectancy, along with high costs, is one
among some major reasons why VIPs are met with a certain scepticism in the
building industry. Aiming to give better-quality assurance for the users, make further
advances in VIP envelope technologies and the development of VIP core materials,
along with a further cost reduction, represent crucial aspects for VIPs to become a
competing thermal insulation solution for buildings.
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7.1 Introduction

The production and usage of energy in the world today relies on a large amount of
fossil fuels. However, the continued use of fossil fuels will strain our resources, as
well as lead to large amounts of pollution, especially through CO, emissions. The
heating and cooling of buildings require a considerable amount of energy.
A reduction in energy usage for the building sector will have a beneficial effect on
CO; emissions. In the European Union, buildings represent 40 % of the total energy
usage, and the existing building stock represents the single largest potential sector
for energy savings (European Union 2012). By the principle of the Kyoto Pyramid,
the most cost-effective method of reducing energy usage is to provide better ther-
mally insulated buildings. To obtain the demanded U-values with traditional
insulation materials, buildings are required to have walls up to 50 cm thickness.
This leads to more complex building details and transportation of thicker materials
to the building sites (Jelle 2011).

Vacuum insulation panels (VIP) represent one of the most promising building
insulation material technologies. Two main types shall be distinguished, i.e. VIPs
with fumed (pyrogenic) silica cores and VIPs with glass fibre cores. The VIPs with
fumed silica cores have a centre-of-panel insulation performance which normally
ranges from 0.004 W/(m K) in pristine condition to typical 0.008 W/(m K) after
25 years of ageing. This is 5-10 times better, depending on ageing, than traditional
insulation used in buildings today (Jelle 2011). Therefore, VIPs enable highly
insulated constructions for walls, roofs and floors, especially within refurbishing of
older buildings where space is often limited. When perforated and thus loss of
vacuum, a VIP with fumed silica as core material typically attains a thermal con-
ductivity value of 20 mW/(m K). Normally, declared average values accounting for
thermal bridge (edge) effects and ageing during, e.g. 25 years are to be given,
typical an effective thermal conductivity value between 0.007 and 0.008 W/(m K)
for VIPs with fumed silica cores.

Integrating VIPs successfully into constructions requires careful planning with
regard to its durability, the lack of flexibility, thermal bridging and lifetime
expectations (Tenpierik 2009). The uncertainties around expected lifetime is a
crucial factor for scepticism concerning VIPs. Research is being conducted on
determining ways of interpreting in situ measurements and conduct reliable
accelerated ageing tests. The need to better understand the mechanisms of ageing
and general loss of thermal resistance over time has been mentioned by Baetens
et al. (2010a), Brunner and Ghazi Wakili (2014), Schwab et al. (2005a, b, c, e) and
Simmler and Brunner (2005), where various forms of accelerated climate ageing
tests have been described by Wegger et al. (2011). Quality assurance of VIPs is an
important factor to promote the use of VIPs in the building sector (Erb and Brunner
2012). It is important to be able to differentiate between panel damage as a con-
sequence of production errors, and damages caused by ageing and service failures,
which hence will help the technology improve further (Brunner et al. 2012a).
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The first objective of this work is to present a brief overview and examples of
different VIP manufacturers, products and building applications, and to evaluate the
effect and durability of these products. Furthermore, it is important to know how
VIPs are tested with respect to lifetime performance in building applications. These
investigations may help form guidelines for a new testing scheme and point to
future research opportunities. This state-of-the-art VIP review builds on already
existing VIP reviews, e.g. by Alam et al. (2011), Baetens et al. (2010a), Jelle
(2011), Johansson (2012), Tenpierik (2009) and Wang et al. (2007), and is
extending these further by collecting and focusing on a comprehensive review with
examples of existing VIP manufacturers and products. The second objective of this
study is to bridge the gap from state-of-the-art VIPs to discuss and explore future
research pathways for VIPs. The work presented herein is based on the earlier study
given in a journal article by Kalnas and Jelle (2014), wherein further details about
specific VIP manufacturers and products may be found.

7.2 Vacuum Insulation Panel (VIP) Concepts
7.2.1 General

A VIP consists of a porous core enveloped by an air- and vapour-tight barrier. The
core has an open pore structure to allow all the air to be evacuated, and to create a
vacuum. The envelope needs to be air and vapour tight for the panel to uphold its
thermally insulating properties over time. Figure 7.1 shows a schematic of a
VIP. The initial pristine centre-of-panel thermal conductivity of the core is normally
around 0.004 W/(m K), however, increasing with elapsed time due to air and
moisture diffusion through the barrier envelope and into the core. In general, the
thermal transport in a material may be divided as the following:

7\'lot = y\fsol + xgas + 7\frad + Xconv + 7\fcoup (71)

Getter/desiccant and opacifer Core Heat sealed flange

L Protective layer
L Barrier layer Multilayer envelope
Sealing layer

Fig. 7.1 Schematic of a VIP (not drawn to scale) (Alam et al. 2011)
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where A is the total thermal conductivity, A, is the solid-state thermal conduc-
tivity, A, is the gas thermal conductivity, A,,q is the radiation thermal conductivity,
Aconv is the convection thermal conductivity, and Acoyp is the thermal conductivity of
coupling effects. Coupling accounts for second-order effects between the various
thermal conductivity terms and is relevant for powder and fibre materials. This
means that the total centre-of-panel thermal conductivity will be larger than the sum
of the four first terms in Eq. (7.1) due to interactions between them. The coupling
effect has been described more closely by Heinemann (2008). Another view on the
coupling term stems from the interaction between the gas molecules and the solid
material in the pore walls. However, this last coupling term is often included as a
factor when the gas conductivity is calculated by the Knudsen effect (Jelle 2011).
Coupling effects is a complex effect and is considered to be negligible in most
theoretical approaches for the thermal performance of VIPs (Heinemann 2008;
Wegger et al. 2011). Conventional insulation based on air-filled (larger) pores at
atmospheric pressure can never aim to achieve a thermal conductivity lower than
stagnant air at around 0.026 W/(m K). A VIP as a high-performance thermal
insulation solution by far surpasses this with a much lower value. For
non-homogenous materials or components, e.g. for a sandwich solution like a VIP,
we may in Eq. (7.1) add a term accounting for the thermal bridge effects due to the
VIP envelope.

As VIPs with fumed (pyrogenic) silica core type typically have a thermal con-
ductivity value of about 0.020 W/(m K) when punctured (and about 0.004 W/(m K)
in pristine condition at centre-of-panel), which is considerably below the stagnant
air value of about 0.026 W/(m K), this demonstrates that the Knudsen effect is into
play in VIPs, i.e. indicating air voids with dimensions down into the nano range.
Hence, continued development applying nanotechnology may decrease the thermal
conductivity even further in VIPs and similar material technologies. In short, the
gas thermal conductivity Ag,s including gas—solid state interactions taking into
account the Knudsen effect may be written in a simplified way as Baetens et al.
(2010a), Bouquerel et al. (2012a), Jelle (2011), Jelle et al. (2010), Kaganer (1969):

Iy as,0 }‘”as 0
7\'gas = Lo = et (72)
) 1+2BK V2BksT
+ B n I+ ndzpB?S
where
O'mean kBT
Kn = = 7.3
) V2nd?pd (7.3)

where Ag, is the gas thermal conductivity in the pores [W/(m K)], Agys0 is the
gas thermal conductivity in the pores at standard temperature and pressure (STP)
[W/(m K)], B is a coefficient characterizing the molecule-wall collision energy
transfer (in) efficiency (between 1.5 and 2.0), kg is the Boltzmann’s constant
(*1.38 x 1072 J/K), T is the temperature (K), d is the gas molecule collision



7 Nanotech-Based Vacuum Insulation Panels ... 171

diameter (m), p is the gas pressure in pores (Pa), d is the characteristic pore diameter
(m), and Opeq, 1S the mean free path of gas molecules (m).

The development of VIPs focuses on two main aspects of the panel, i.e. the core
and the envelope. Thus, a more detailed description for these two parts will be
given separately in the following.

7.2.2 The Core

7.2.2.1 Cores in General

The purpose of the core material is to provide the insulating and mechanical
properties of the VIPs. Hence, there is a large focus on the core material as this is
important for a VIP to attain the highest possible thermal resistance. To optimize
the conditions of the VIPs, the core needs to fulfil certain requirements. These are
described in a comprehensive review by Baetens et al. (2010a):

1. The core material’s pore diameter needs to be small. In materials with large
pores, the pressure has to be very low to obtain a low thermal conductivity. This
is difficult to maintain with methods and materials in use today. By using a
nano-porous material, the pressure is not required to be as low, and a low
thermal conductivity can be reached with a higher pressure. The relation
between effective thermal conductivity of different potential VIP core materials
as function of the internal gas pressure is shown in Fig. 7.2.

2. The pore structure needs to be 100 % open so all the gas in the panel can be
easily evacuated.

3. The core material needs to withstand compression. The normal range of the
initial internal pressure in VIPs is between 0.2 and 3 mbar (about 20 Pa for glass
fibre cores and 300 Pa for fumed silica cores). The external pressure on the panel
is around 1 atm (101,325 Pa). See also Fig. 7.2.

Fig. 7.2 Effective thermal
conductivity of different
potential VIP core materials
as function of internal gas
pressure (Tenpierik 2009)

glass fibre ™

e [x10° WmIK?)

0,001 0,01 01 1 10 Pg[mbar]



172 B.P. Jell and S.E. Kalnzas

4. The material has to be impermeable to infrared radiation, which will reduce the
radiative heat transfer in the panel.

Several different materials are being tested for use as core materials in VIPs,
such as fibre-powder composites (Mukhopadhyaya et al. 2009), polycarbonates
(Kwon et al. 2011), phenolic foam (Kim et al. 2012) and ultrafine glass fibres
(Di et al. 2013). Different core materials have different advantages and drawbacks.
Hence, the type of core material needs to be determined for each application. Core
materials found in various VIP types will be presented in the following chapters.

7.2.2.2 Fumed Silica

Fumed silica is produced by pyrolysis of SiCly, which is then vapourized and reacts
with oxygen, thus forming SiO, which is a fine white powder. This powder is
pressed into boards, normally with added fibres for structural stability and opacifiers
to reduce infrared radiation (Alam et al. 2014; Caps and Fricke 2000; Caps et al.
2001). Figure 7.3 shows a VIP with fumed silica as a core.

Due to its small pore size, ranging from 30 to 100 nm, and ability to withstand
compression, the fumed silica core fulfils all the criteria stated earlier. The normal
material properties for fumed silica are a mass density of around 200 kg/m’ and a
thermal conductivity of 0.003-0.006 W/(m K) under a pressure of 20-100 mbar
(Wang et al. 2007). However, pure fumed silica is not able to block thermal
radiation very well. While the heat transfer through reduced gas conductivity in a
vacuum panel is especially low, the contribution from radiation will give a sig-
nificant relative contribution to the total thermal conductivity. Therefore, it is a
common solution to add opacifiers to the fumed silica in order to reach an initial
centre-of-panel thermal conductivity as low as around 0.004 W/(m K).

Fumed silica is a very common core material for VIPs in the building sector
today. Several advantages of fumed silica make it a good choice for building
applications. Silica is non-toxic, incombustible and recyclable, and it does not

Fig. 7.3 VIP with a fumed
silica core (va-Q-tec 2013)
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release harmful emissions to the environment. A core of fumed silica works as a
desiccant, absorbing water vapour permeating through the envelope. Applying
threefold metallized laminates enabling low thermal bridge effects leads to low
thermal conductivity values in the internal pressure range 1-100 mbar (Brunner
et al. 2006; Ghazi Wakili et al. 2004).

In the case of panel perforation, fumed silica cores will still have a rather low
thermal conductivity of around 0.020 W/(m K) at atmospheric pressure. And
importantly, note then that the difference between 0.004 W/(m K) (pristine con-
dition) and 0.020 W/(m K) (punctured) of 0.016 W/(m K) is due entirely to the gas
thermal conductivity including gas—solid state interactions (see the Knudsen effect)
(not taking into account any changes to the solid core due to the loss of vacuum).
That is, the combined solid state and radiation thermal conductivity of fumed silica
is as low as 0.004 W/(m K) or in principle somewhat lower (as there may still be a
very small concentration of air inside a VIP a small part of the 0.004 W/(m K) value
is due to gas conduction). Hence, as it is possible to make materials with such a
very low solid state and radiation conductivity, there are rather good opportunities
to make a high-performance thermal insulation material functioning at atmospheric
pressure by lowering the gas thermal conductivity. That is, nanotechnology is a
promising tailor-making tool for the development of high-performance thermal
insulation materials, including both VIPs and other materials technologies.

7.2.2.3 Aerogels

Aerogels are produced in two steps: first, wet gel formation by acidic condensation
or solgel process and second, the wet gel is dried by using supercritical or ambient
drying. This produces a nanoporous material with pore sizes around 20 nm and a
mass density that can vary from 3 to 350 kg/m’. When used as a core material for
VIPs, aerogels may deliver a low thermal conductivity. At an ambient pressure of
50 mbar, and with an addition of carbon black to suppress the radiative transfer,
silica aerogels may reach a low thermal conductivity of 0.004 W/(m K), whereas at
ambient pressure the thermal conductivity rises to 0.0135 W/(m K) (Baetens et al.
2011; Jelle et al. 2015e).

Silica aerogel is non-flammable and non-reactive. However, due to its high cost,
aerogel-core VIPs are not yet an economically reasonable product for building
applications. Nevertheless, aerogel may be used as a heat bridge breaker in
buildings and structures where space is restricted. Furthermore, in its translucent or
transparent state, aerogel has an added value which may be exploited in several
building applications. Aerogel boards and aerogel renders are emerging innovations
of the last few years regarding building applications of aerogel. While the building
application of aerogels is still rather small, thermal insulation of various technical
installations with aerogel sheets are more common. Regarding the above-mentioned
high cost, there are interesting activities ongoing worldwide to lower the cost.
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7.2.2.4 Polyurethane and Polystyrene Foams

Polyurethane (PUR) and polystyrene (PS) foams are widely used thermal insulation
materials by their own. The first VIPs were created with PUR foams as the core
material. PUR has the mechanical strength and the open pore structure required for
a core material. However, the pore size in PUR and PS is larger than in fumed silica
and aerogel. That is, a PUR or PS core requires a lower vacuum to reach the same
low thermal conductivity as the fumed silica and aerogel. For a VIP with a PUR or
PS core to maintain its designed low thermal conductivity value, the pressure has to
stay below 1 mbar (see e.g. Fig. 7.2), over this value the conductivity will rise
substantially (Fricke et al. 2008; Yang et al. 2012). This is not feasible with the
envelopes of today. PUR and PS foam core VIPs are less expensive to produce, but
the short effective lifetime of these panels do not make them as fit for building
applications.

7.2.2.5 Glass Fibre

Glass fibre cores have similar issues as PUR foam cores, but with the advantage of
lower centre-of-panel thermal conductivity values. Because of the relatively large
pore size, ranging from 1 to 12 pum, the gas pressure needs to be very low for the
panel to maintain its low thermal conductivity. At a gas pressure of about 0.1 mbar,
the centre-of-panel thermal conductivity can be as low as 0.0015 W/(m K). Because
of its high thermal stability, Araki et al. (2009) have investigated the use of glass
fibre core VIPs for high-temperature applications. The core material itself is rela-
tively inexpensive, but Di et al. (2013) concluded that the lifetime expectancy for a
glass fibre core VIP is about 15 years. This is the commonly requested lifetime for
refrigerators, but far too low for glass fibre VIP cores to be considered as a choice
for building applications. As of today, it is still mostly used for shipping containers,
freezers, etc. Using ultrafine glass fibre core VIPs for building applications has
recently been mentioned in an article by Boafo et al. (2013). However, so far no
monitoring tests have been found with these VIP types.

7.2.2.6 Desiccants, Getters and Opacifiers

A major and crucial drawback of VIPs is the thermal conductivity increase as time
passes. The low conductive heat transfer of VIPs is highly dependent on a low gas
pressure inside the panel. Vapour and gases that permeate through the envelope
therefore contribute to a lower effectiveness of VIPs. To counteract this and to
increase the expected service lifetime of VIPs, desiccants and getters are often
added to the core, especially for VIPs with longer requested durability like for
refrigerators and buildings. These are components or chemicals that adsorb residual
or permeating gases (getters) or water vapour (desiccants). They will maintain a
steady thermal conductivity inside the core until their capacity is reached.
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Desiccants are made of highly hydroscopic materials and work by entrapping
moisture. Getters are highly porous structures with large surfaces. They work by
attracting and bonding with permeating gases to maintain a low pressure inside the
panel. Some core materials have properties that fulfil the functions of desiccants and
getters themselves, so they are not always necessary to add. Even though these
materials slightly increase the solid-state thermal conductivity and increase the costs
of a panel, they are important to add (Thorsell 2012). Opacifiers are added to the
core of the panel to reduce the heat loss through thermal (infrared) radiation. With
added opacifiers, the radiative thermal conductivity can be decreased to a value
below 0.001 W/(m K) (Bouquerel et al. 2012a). Fumed (pyrogenic) silica does act
as a desiccant and has good thermal performance at an internal pressure level,
where no getters may be needed.

7.2.3 The Envelope

7.2.3.1 Envelopes in General

The main purpose of the envelope is to provide an air- and vapour-tight enclosure
for the core material, i.e. to maintain a vacuum in the VIP core. Furthermore, it is
important that the envelope does not introduce a too large thermal bridge effect. As
the thermal performance of VIPs is highly dependent on the conservation of the
vacuum inside, any gases or water vapour that permeates through the barrier will
diminish the effectiveness of VIPs. This makes a VIP a fragile thermal insulation
material compared with conventional insulation (Wegger et al. 2011). Permeation
through the envelope is also affected by the outer environment. Changes in tem-
perature and relative humidity will affect the permeation rate (Simmler and Brunner
2005).

Depending on the choice of envelope, thermal bridging around a VIP and the
VIP dimensions are also significant factors to consider. The core material has great
insulating properties; however, thermal bridging from the envelope material and the
gaps between two adjacent VIPs will increase the panel equivalent thermal con-
ductivity for an area covered with VIPs. An increase in panel dimensions will lead
to a decrease in the thermal bridging effect. Hence, one should aim to use the largest
panel dimensions possible (Ghazi Wakili et al. 2005). Further studies on the thermal
bridging effect of VIPs in both single and double layers have been conducted by
Ghazi Wakili et al. (2004, 2011). Note that with larger panel dimensions, larger
areas and volumes of the building envelope will have a reduced thermal resistance
when some of the VIPs are punctured.

The envelope is often divided into the sealing layer, the barrier layer and a
protective layer as seen in Fig. 7.4. These layers are described by Alam et al. (2011)
and Brunner et al. (2006). The inner layer is the sealing layer. This layer seals the
core material in the envelope, and traditionally consists of low- or high-density
polyethylene (PE). The laminate surfaces are heat-sealed by two hot bars under
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Fig. 7.4 Illustration of an aluminium foil laminate (AF) and metallized polymer film MF [Wegger
et al. (2011) based on Simmler et al. (2005), see also Brunner et al. (2006) and Simmler and
Brunner (2005)]

pressure to bond together. The middle layer is the barrier layer in the case of the
aluminium foil laminate (AF) type (Fig. 7.4). Furthermore, metallized polymer film
multilayer laminates (MF) are in common usage, where the metallized coating is
typically deposited on a polyethylene terephthalate (PET) film (Fig. 7.4). The
purpose of the barrier layer is to prevent water vapour and air transmission through
the envelope and into the VIP core. An outer protective layer may be added, e.g. for
improving the fire resistance properties, and may consist of glass fibre fabric or
transparent lacquer. Environmental and handling stresses may damage the panel, so
sometimes an additional protective layer aims to make the panel more robust, e.g.
applying expanded polystyrene (EPS), extruded polystyrene (XPS) or rubber
granule layers or hard polymeric plates. The material chosen for the envelope
should also be able to withstand general handling through transportation and
installation without tearing. The common PET layer also works as a substrate for
the barrier layer due to its superior flatness for the metallization process (coating).

The sealed edges in a panel may often be a weak point in maintaining the
vacuum, especially for cores with high vacuum demands such as the glass fibre
ones. The sealing is a complex process which is important to develop a further
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understanding in order to maximize the lifetime of VIPs. Important factors in the
heat sealing process are mentioned by Marouani (2012).

7.2.3.2 Metal Foil Laminate

The solution with a metal foil laminate, most commonly aluminium foil laminate
(AF), consists of a central aluminium foil (with a thickness of 5-10 um) as a barrier
layer, laminated between an outer PET protective layer for better scratch resistance
and an inner PE sealing layer (see Fig. 7.4). The complete aluminium foil laminate
(AF) is also often called just aluminium foil (AF).

Aluminium laminate as a barrier layer lowers the permeation through the envelope,
increasing the lifetime of a panel. However, the thickness of the metal laminate
contributes to a higher thermal bridging effect as the thermal conductivity for alu-
minium is 210 W/(m K), compared to the core at around 0.004 W/(m K), and the
polymer layers at 0.25-0.30 W/(m K). For a high-performance insulation material,
this thermal bridge effect will have severe effects on the equivalent thermal resistance
of VIPs (Bouquerel et al. 2012b; Brunner et al. 2006; Ghazi Wakili et al. 2004).
Another envelope type based on stainless steel is also advocated by some.

7.2.3.3 Metallized Polymer Film Multilayer Laminate

The metallized polymer film MF solution consists of up to three barrier layers of
metal-coated PET films and an inner sealing layer of PE. The coating is performed
with aluminium with a thickness of 20-100 nm (see Fig. 7.4) by a process called
vacuum web coating. For applications requiring shorter durability than for building
applications, also laminates with two barriers are on the market.

The MF solution is, as of today, the common solution for VIPs intended for
building applications. The multiple aluminium layers give the envelope a better
protection from permeation compared with a single layer and thus with a reduced
total thickness, while the polymers reduce the thermal bridging effect. The MF
consists of two to three barrier layers, though triple-layered MF is common among
VIPs for building applications as of today. However, the reduced total metal
thickness for MFs compared to AFs leads to a considerably faster moisture and air
permeation through the VIP envelope and into the core for VIPs with MF envel-
opes, as determined by Schwab et al. (2005a, b, c, d, ), Simmler and Brunner
(2005) and Simmler et al. (2005) for VIP cores of mainly fumed silica. Hence,
during several years the centre-of-panel thermal conductivity will increase much
faster in VIPs with MF envelopes than with AF envelopes. For thermal conductivity
versus time up to 100 years for various VIP dimensions and envelopes, refer to the
studies by Baetens et al. (2010a) and Wegger et al. (2011), see Fig. 7.5 (various VIP
envelopes). Furthermore, see also the studies by Schwab et al. (2005a) and Simmler
and Brunner (2005).
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Fig. 7.5 Thermal conductivity versus time for different VIP envelope solutions (Wegger et al.
2011). Note that an air transmission rate per panel area (ATR ) for MF2 was not resolvable due to
tested on limited panel size; hence, the thermal performance of VIPs with MF2 is expected to be
slightly overestimated in the given graphical plot above and would probably be between the MF1
and the MF3 plots

7.3 State-of-the-Art Vacuum Insulation Panel Products

7.3.1 VIP Products

VIPs are most commonly used for refrigerators, freezers, and shipping boxes and
containers for temperature sensitive materials. However, for the last decade the
most interesting aspect of VIPs has been their growing introduction to the building
sector. In the following, a short explanation of the use of VIPs in appliances will be
given. Thereafter, the use of VIPs in constructions up until today will be looked
upon. Both laboratory experiments and in situ measurements will be treated. As it
would be too extensive to show all the possible buildings that have been tested with
VIPs till now within this study, only a handful of selected examples will be given.
Through these examples, the use of VIPs, experiences learned during construction
and monitoring after completion will be explored.

Tables 7.1, 7.2 and 7.3 show examples of different VIP products available on the
market today. The tables have been divided into VIPs for appliances (Table 7.1) and
VIPs specified as possible to use in buildings (Tables 7.2 and 7.3). The VIPs for
building applications have been further divided into VIPs that are delivered as
unprotected panels (Table 7.2) and VIPs that are delivered with various protective
coverings (Table 7.3). These tables give a short overview of the different products.
Further information and details about the manufacturers and the products are given
in the study by Kalnaes and Jelle (2014). For more VIP manufacturers, see, e.g. the
members of the Vacuum Insulation Panel Association (VIPA 2015).

In a worldwide context, the core materials for VIPs that are intended for
appliances mostly consist of materials with larger pores or aerogel powders, while
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Table 7.1 Literature data for examples of manufacturers of VIPs for appliances

Manufacturer | Product A° [W/(m K)] Initial gas Core Envelope
pressure

Jinko VIP 0.001-0.006"

Rparts VIP

Va-Q-tec va-Q-pur 0.007-0.009* <1 mbar PUR foam Al foil
va-Q-mic 0.0028-0.0035" | <1 mbar Micro-fleece

Foamcore Therm-max | R-40 per inch® Aerogel MF

INC

Nanopore VIP 0.004 Silica, titania MF

and/or carbon

Guangdong VIP

Xiamen Goot | VIP 0.004* <0.1 Pa Fibre glass

American Aerocore 0.0019-0.0042° Organic aerogel | MF

Aerogel VIP

Fujian VIP 0.0025*

Supertech

Porextherm Vacupor Fumed silica, MF
NT opacifiers
Vacupor Fumed silica, MF
MS opacifiers

Microtherm VIP Fumed silica, MF

opacifiers

Unifrax Exelfrax 0.00375 Fumed silica, Laminated

200 opacifiers PE film

See the study by Kalnas and Jelle (2014) for further information

*No specific information given

Aged value allowing for edge effect

“Initial value

Rated value

°Aged thermal conductivity values and lifetimes are not given for most of the VIP products,
although these are very crucial properties for the VIPs

in Europe the VIP production is to the authors’ insight clearly dominated by cores
of fumed (pyrogenic) silica and similar fine powder cores. As explained earlier,
aerogel is still too expensive to be a reasonable choice for most building applica-
tions, but its excellent thermal properties at a higher pressure give aerogel a higher
expected lifetime. Aerogel as a term describes a class of materials with monoliths,
particles/granulates and even finer ones as powders. The distinction between
powder aerogel and precipitated silica from their properties may get smaller and
more unclear, e.g. if the applied powder should be named as an aerogel. Core
materials with larger pore sizes such as glass fibres are expected to lose the low
thermal conductivity earlier than materials with a smaller pore size due to perme-
ation through the envelope. However, these materials with larger pore sizes are also
less expensive. More detailed information about the manufacturers and products
can be found in the study by Kalnas and Jelle (2014).
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Table 7.2 Literature data for examples of manufacturers of VIPs for building applications

Manufacturer Product A% [W/(m K)] Initial gas | Core Envelope
pressure
va-Q-tec va-Q-vip 0.005% <5 mbar | Fumed silica High gas
barrier
film
va-Q-plus 0.0035% <5 mbar 80 % fumed
silica, opacifiers,
organic fibres
va-Q-plus A | 0.0035% <5 mbar
Panasonic U-Vacua R-60 per inch?
USA
Neofas AG Vakutherm 0.0045°-0.008" Pyrogenic silica MF
Qingdao Creek VIP 0.0035* <0.001 Pa | Fibre glass
ThermoCor VIP
Caralon CG 0.0038* <1 mbar Inert alkaline earth Al,O3
Global Max-Thermic silicate glass wool
LG Hausys VIP 0.004* Glass fibre board Al
laminated
film
Porextherm Vacupor 0.005¢ <5 mbar Fumed silica, MF
NT-B2-S opacifiers and fibre
filaments
Vacuspeed 0.0043°¢ <5 mbar | Fumed silica, MF
opacifiers
Vacupor NT <5 mbar
Dow Corning | VIP 0.00369° Fumed silica MF
Microtherm Slimvac 0.0042°¢ <5 mbar Filament reinforced | MF
silica and opacifier
Vaku-isotherm | Standard 0.005°¢ Fumed silica, MF
opacifiers and
cellulose fibres
VakuVIP B2 | 0.005° Fumed silica, MF
opacifiers and
cellulose fibres
Variotec QASA 0.007* <7 mbar Pyrogenic silica,
opacifiers
Suzhou VIP VIP 0.008" Glass fibre
Kingspan OPTIM-R 0.007°
Nanopore VIP
insulation

See the study by Kalnes and Jelle (2014) for further information

“No specific information given

Aged value allowing for edge effect

“Initial value

“Rated value

°Aged thermal conductivity values and lifetimes are not given for most of the VIP products, although
these are very crucial properties for the VIPs
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Table 7.3 Literature data for examples of manufacturers of VIPs with added protective coverings,
i.e. sandwich VIPs, for building applications

Manufacturer | Product A% [W/(m K)] | Initial gas | Core Envelope
pressure
va-Q-tec va-Q-vip B | 0.0043° <5 mbar Fumed silica Foil and glass
fibre
va-Q-plus B | 0.0035° <5 mbar 80 % fumed Foil and glass
silica, fibre
opacifiers,
organic fibres
Porextherm Vacupor 0.005¢ <5 mbar Fumed silica, MF + XPS
XPS-B2-S opacifiers and
fibre filaments
Vacupor 0.005°¢ <5 mbar Fumed silica, MF + rubber
RP-B2-S opacifiers and granulate
fibre filaments
Vacupor 0.005°¢ <5 mbar Fumed silica, MF + PS sheet
PS-B2-S opacifiers and
fibre filaments
Vacupor 0.005¢ <5 mbar Fumed silica, MF + sound
TS-B2-S opacifiers and absorbing plastic
fibre filaments | board
Vaku-isotherm | Gum-1 0.005¢ Fumed silica, MF + rubber

opacifiers and granulate
cellulose fibres
SP-1 0.005¢ Fumed silica, MF + PS
opacifiers and
cellulose fibres
SP-2/E 0.005° Fumed silica, MF + PS plates
opacifiers and and sides
cellulose fibres | covered with
EPS

Protekt-1 0.005¢ Fumed silica, MF + fleece
opacifiers and
cellulose fibres
Bauplatte 0.005°¢ Fumed silica, MF + plastic
opacifiers and plates and sides
cellulose fibres | covered with

EPS
Sandwich 0.005°¢ Fumed silica, MF + glass
Paneel 1 opacifiers and plates and sides
cellulose fibres | covered with
EPS
Sandwich 0.005°¢ Fumed silica, MF + glass/Al
Paneel 2 opacifiers and and sides
cellulose fibres | covered with
EPS
Sandwich 0.005¢ Fumed silica, MF + Al/Al and
Paneel 3 opacifiers and sides covered

cellulose fibres | with EPS
(continued)
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Table 7.3 (continued)

Manufacturer | Product A° [W/(m K)] | Initial gas | Core Envelope
pressure
Variotec QASA 0.007° <7 mbar Pyrogenic
silica,
opacifiers

See the study by Kalnaes and Jelle (2014) for further information

“No specific information given

bAged value allowing for edge effect

“Initial value

dRated value

°Aged thermal conductivity values and lifetimes are not given for most of the VIP products, although
these are very crucial properties for the VIPs

Table 7.2 shows examples of manufacturers of VIPs with products that can be
applied for building constructions. The general choice for core material among
these VIPs is dominantly fumed silica. One important factor which is lacking for
almost all producers is an expected lifetime of the VIP. As mentioned earlier, the
difficulty in predicting a useful lifetime for VIPs is one of the main reasons VIPs are
still struggling to become a renowned choice for thermal building insulation. Some
manufacturers do however mention a theoretical rise in gas pressure per year. This
value is in the range of 0.5-4 mbar/year. Note that VIPs applied for building
constructions may also be used for other purposes. More information about the
manufacturers of VIPs intended for buildings and their products can be found in the
study by Kalnaes and Jelle (2014).

Table 7.3 shows examples of manufacturers who produce VIPs with added pro-
tective coverings for building applications. The benefits of such sandwich panels are
explained in more detail later. More information about the manufacturers of sand-
wich VIPs and their products can be found in the study by Kalnzaes and Jelle (2014).

From the products found on the market, it is clear that fumed silica is the current
choice for building applications, while various core materials are used for all other
applications. Product-related requirements that separate VIPs intended for buildings
from other VIPs have been discussed by Tenpierik et al. (2007). These are require-
ments concerning structural stability, fire protection, hygiene, health and environ-
ment, application safety and fitness for use, acoustic performance, thermal
performance and service life. VIPs for building applications put more requirements on
the core material. As seen in Fig. 7.2, fumed silica cores can maintain a stable thermal
conductivity up to about 10 mbar and has a centre-of-panel thermal conductivity of
about 0.008 W/(m K) at 100 mbar. This gives VIPs with silica cores a higher expected
lifetime. Further advantages of fumed silica for building applications have been dis-
cussed earlier in this review. Even though the cost of fumed silica is higher than glass
fibre or PUR foam, it is necessary to fulfil the requirements for building applications.

VIPs have been used with success in applications for some years. Glass fibre and
PUR foam may give the same initial thermal conductivity as silica core VIPs, but
the expected lifetime is lower and various other requirements are not so strict for
VIP cores of glass fibre or PUR foam. Glass fibre or PUR foam cores are also less
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expensive to produce, making these VIP cores a better choice whenever they are
possible to use. In this study, it is found that producers of building intended VIPs
from Europe offer a large variety of different covering solutions for their products,
which is well intended for use in buildings as they make the products more robust.
However, the VIP coverings may also represent some drawbacks. For example,
covering a VIP with EPS makes it more difficult to detect loss of vacuum, and
furthermore, the EPS has a higher thermal conductivity than the VIP area and
thickness (volume) it replaces (Jelle 2011).

Overall, there are very few producers who state an expected lifetime and a
guarantee for their panels. Some manufacturers state a lifetime service which is only
valid for specific conditions and therefore not possible to compare with conditions
in use. Many of the thermal conductivities are given without stating anything else.
For the customers of this product, an aged value or an intended design value is
important. However, as this study will discuss later, these values rely on many
factors concerning the environment in which the product is applied. Therefore,
many manufacturers state that the values are only for guidance, and that each case
has to be considered specifically.

7.3.2 VIPs in Appliances

VIPs have shown good results in domestic appliances and for logistic purposes.
Recently, researches on VIPs that can withstand higher temperatures have also been
performed. These VIPs have been introduced to insulate hot-water equipment and
other high-temperature applications (Araki et al. 2009; Berge and Adl-Zarrabi
2014). For most typical appliances such as refrigeration, thermal packaging, the
normal lifetime expectancy for these panels are seldom required to exceed 15 years.
This makes it possible to use glass fibre or PUR cores for these VIPs. Requirements
are not so strict for general applications as broken panels rarely lead to anything
else than replacing a broken ware.

7.3.3 VIPs in the Building Sector

7.3.3.1 VIPs in Monitoring Projects

VIPs show great promise as a thermal insulation material solution for today and the
near future. However, there are several drawbacks that have to be addressed when
considering VIPs for building applications. A VIP requires a low pressure inside. If
the panel is perforated or broken in any way which leads to a loss of this vacuum,
the thermal conductivity will increase to about 0.020 W/(m K) for VIPs containing
fumed silica. Cutting and adapting the panel on-site is not possible. Insulating a
building with VIPs therefore requires detailed planning from an early stage and a
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layout plan of how and where the panels shall be put into place. Practice also shows
that the most common cause of damage to the panels occurs before and during
installation (Kunic 2012). Extra precautionary matters need to be taken with the
handling of VIPs as they are a fragile construction material. Damaged panels do not
only decrease the thermal resistance of the building, but depending on how the VIPs
are implemented there is also a risk of condensation and possibly mould growth
(Parekh and Mattock 2011).

In Germany, there have been a lot of test projects with constructions imple-
menting VIPs, both refurbished and new constructions. Some were built as early as
2001 and have been monitored on a regular basis since. Bayerisches Zentrum fiir
Angewandte Energieforschung (ZAE Bayern) in collaboration with various VIP
producers have many interesting projects which show how the implementation of
VIPs into buildings has proceeded. ZAE Bayern conducted a research project called
VIP-Prove, where the aim was to see how VIPs behaved under practical conditions.
To choose these projects, ZAE Bayern had certain criteria the buildings had to
fulfil, giving them a score up to 85 points, where the higher the score was the more
suitable a construction was for monitoring.

The first criterion (Heinemann and Kastner 2010) depended on how suited the
construction elements were for a thermographic scanning. When conducting a
thermographic scan of the building element, the VIPs should not be covered with
heavy building elements or air-filled spaces that would disrupt the measurements
and give unclear results to whether the panels are functioning as planned or not.
Figure 7.6 shows a thermographic scan which shows a presumably broken panel
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Fig. 7.6 Thermography of a VIP facade from the outside. Due to the very high-temperature
resolution of the thermography even the week pronounced regular effect of thermal bridging at the
joints may be seen. The green square denoted as “auffélliges VIP” (conspicuous VIP) shows a VIP
presumably no longer evacuated, whereas the red and white lines indicate poorly executed joints
(Heinemann and Kastner 2010)
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and the thermal bridges between the panels, where it is also seen that several of the
joints between the panels have been poorly executed. The second criterion was how
many different areas the VIPs could be applied to. More areas which could be
applied with VIPs were to prefer, as this would give more and comparable results
within the same building. The third criterion was the age of the panel. Preferably,
VIPs that had been implemented before 2005 should be monitored. The longer the
panels had been in the building, the more interesting it was to study if and how their
properties had changed. The fourth criterion was the possibility to conduct other
measurements to show the results of the thermal performance of the panels. These
results could be used in comparison with the thermography measurements.

For the VIP-Prove project, a total of 29 objects with an area of 8206 m? installed
with VIPs were assessed. Out of these, 19 objects with an area 3224 m? installed
with VIPs were found to be suitable for investigation by thermographic scanning.
These 19 objects were also further investigated by determining the heat transfer
coefficient and the internal pressure of the VIPs. The results showed that 12.8 % of
the VIPs in these 19 objects were classified as faulty. However, three buildings
were particularly faulty and stood out in the statistical evaluation. By removing
these three buildings, the per cent of broken panels fell to 4.9 %. This might mean
that these three projects have failed to handle the panels properly, that they have
been installed wrongly or that a production error has affected many of the panels
(EnOB 2013). Some of these monitoring projects will be mentioned in the fol-
lowing chapters about new and refurbished constructions.

7.3.3.2 Lifetime Predictions

The useful lifetime can be explained as the time until the centre-of-panel thermal
conductivity reaches a critical (high) level. Usually this point is at around
0.008 W/(m K), meaning that when U-values are being calculated this should be the
design value (Simmler and Brunner 2005). The VIPs will still function when this
value is reached, but the thermal conductivity will continue to increase, thus also
increasing the U-value and heat loss.

For VIPs meant for building applications, the lifetime is one of the most
important and crucial properties. Buildings should be dimensioned with a lifetime
of up to at least 50 years in mind, preferably up to 100 years. Today, most VIPs
using a MF3 laminate can be said to have a lifetime of over 25 years under specific
conditions (Baetens et al. 2010a; Heinemann and Kastner 2010; Simmler and
Brunner 2005). The uncertainties surrounding the exact lifetime of VIPs when they
are in use are still major factors for scepticism. Predicting the useful lifetime of
VIPs has therefore been an aim of many studies. Accelerated climate ageing and
comparative ageing of in situ panels and panels kept in laboratories have been
conducted. The focus here is on permeating gases and water vapour through the
envelope, as this increases the thermal conductivity. VIPs for building purposes
should never have an increase of more than 2 mbar/year (Schwab et al. 2005a). For
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a panel with fumed silica, an increase of 2 mbar/year would equal a lifetime of
almost 50 years.

A laboratory ageing test of 20 VIPs performed by The National Research
Council-Institute for Research in Construction (NRC-IRC) in Canada over
seven years showed that the average loss of R-value was about 2 % per year. In a
test-hut wall of the NRC construction, 18-month field exposure was performed with
5 different VIP products, 15 specimens from different manufacturers showed 5 %
ageing in 4 out of 5 products, and 2 out of 15 specimens failed. Therefore, they
concluded that VIPs show promising long-term performance for service life of
25-50 years (NRC 2012).

Wegger et al. (2011) mentioned that there are no standardized ways of per-
forming accelerated ageing tests for VIPs. To get a prediction of a VIP’s effective
lifetime within a shorter time frame, such tests will be necessary to define. Several
factors such as pressure, temperature, ultraviolet and infrared radiation, moisture,
water exposure and freezing/thawing were tested, along with various climate
cycling tests. The results showed that the change in performance was relatively low
compared to the initial thermal performance. However, two of the panels which
were tested showed signs of failure from other factors than the accelerated ageing
testing. This shows that VIPs are still a fragile material when exposed to high
moisture and temperature, or that they may have defects from the manufacturing
process.

7.3.3.3 Economics

Modern-day passive houses built with traditional thermal insulation require a wall
thickness of 35 cm or more, meaning that a large part of the building volume is
filled up by insulation. By building with VIPs, the required thickness can be
reduced, thus increasing the value of a building through increased living space.
VIPs are still far more expensive than conventional insulation; however, studies
have been made to show that the increased living space achieved by decreasing the
wall thickness may still make VIP a more economically favourable choice. Studies
that mention the cost benefit of the increased living space have been conducted by
Alam et al. (2011) and Jelle (2011). Alam et al. (2011) also show that the payback
time for VIPs is drastically reduced if the benefit of the increased usable area is
included. This is based on that each square metre gained will lead to increased
market value, which naturally is highly dependent on the value per square metre in
the given area. For frame constructions, there is also a possibility to reduce the use
of materials where the size of the cavity traditionally has been increased to fit the
thickness of conventional thermal insulation beyond what has been required for
structural strength, i.e. by applying VIPs instead. This will lead to a reduction in use
of materials and also reduce the transportation of materials to the building site. The
economical impact of this has so far not been discussed in detail.
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7.3.3.4 Acoustic Performance

Enabling thinner layers of thermal insulation is a clear benefit when constructing
with VIPs. However, from a building physical point of view, thermal insulation is
not the only factor to consider. The impact on acoustic performance must also be
taken into account (Lenz et al. 2005). Baetens et al. (2010a) mentioned that the
acoustical properties and knowledge of VIPs could be divided into three groups
when used for building insulation purposes: (i) A single VIP, (ii)) VIPs built into
sandwich elements and (iii) insulated massive walls with built-in VIPs.
Maysenholder (2008) studied the three different groups. For a single VIP, it was
found that it has a critical frequency in the range of speech and traffic noise
(~1 kHz), which reduces the sound reduction in this range. It was also found that
perforating a VIP would reduce the sound reduction. However, he concluded that it
would be more beneficial to study the acoustical properties in layered systems with
internal VIPs, rather than single VIPs by themselves. Various sizes and core
materials will also affect how a VIP performs acoustically. Further information
concerning acoustical properties of VIPs may be found in the work by Tenpierik
(2009). The focus forward for acoustic studies should be on VIPs in such practical
applications, i.e. layered systems. To the authors’ knowledge, there is a limited
literature on the acoustical properties of VIPs available. Forward, field measure-
ments on VIP systems should be conducted to obtain more results on how VIPs
perform acoustically. Thus, even though the thermal properties of VIPs represent
the major driving forces, it is also important to address the other building physical
properties such as the acoustical properties.

7.3.4 VIP Sandwich Elements

For building projects completed so far, it is evident that most of the damaged panels
have been damaged during transport or while they are being installed at the building
site. In order to protect VIPs, both under construction and during usage, encasing
the panels with other materials, may be a good solution. Such sandwich elements
will reduce the risk of damaging the panels unintentionally. Some of the solutions
also completely envelope the sides of the panels with EPS (Nussbaumer et al.
2006). This is a favourable solution for adapting the panels on-site as the EPS can
be cut to fit the panels in the construction without perforating the VIPs. However,
note that the EPS (or other) covering makes it more difficult to discover loss of
vacuum. Besides, EPS has a higher thermal conductivity than the VIP area and
thickness (i.e. volume) it replaces (Jelle 2011).

Some manufacturers already produce finished sandwich elements of different
kinds, with protective layers such as granulated rubber, glass fibre boards, alu-
minium or glass plates and PS plates. Different sandwich solutions are given in
Table 7.3. Another solution, where it is possible, is to prefabricate building ele-
ments with integrated VIPs. This is by some referred to as a structural vacuum panel
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(SVP) as demonstrated in Fig. 7.7. Producing SVPs can be performed under con-
trolled conditions where the risk of damaging panels can be reduced. The VIPs
inside the finished elements will also be a lot less likely to be damaged during
transport.

A prefabricated building from Scotland has been built using SVPs, showing that
it is possible to attain a low U-value. This building was built with 125-mm-thick
SVPs with a 25-mm VIP at its core. The overall U-value for the wall ended up at
0.10 W/(m?K) for a thickness of 234 mm (Kevothermal 2012). However, prefab-
rication of buildings and various building elements are entirely different issues
which will have to be addressed for each individual project and the desires of the
end users.

Fig. 7.7 Tllustration of a
structural vacuum panel
(SVP) (Kevothermal 2012)
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7.3.5 Constructing with VIPs

VIPs may be applied to many different areas of a construction. This chapter will
shortly describe some of the most common areas which are suited for VIP appli-
cations and discuss some important considerations when they are applied to these
areas. More detailed information on different areas where VIPs can be implemented
and more detailed descriptions on building details have been made by Johansson
(2012).

7.3.5.1 Facades and Walls

For facades, it is possible to either thermally insulate the exterior or the interior part
of the wall. For frame constructions, there is a third possibility to insulate inside the
cavity as well.

Internal facade insulation with VIPs may be an excellent choice for retrofitting as
long as the moisture issues are well addressed utilizing building physics expertise.
The thin layers of VIPs required, compared to conventional insulation, will enable
lower U-values after retrofitting without the same loss of indoor space. This is
especially interesting for listed buildings where the outside design is not allowed to
be altered. However, careful planning concerning low exterior surface temperatures,
increased number of freezing/thawing cycles and the risk of condensation has to be
made to avoid damages and mould forming. See, e.g. the hygrothermal numerical
simulations and laboratory investigations concerning interior insulation retrofit of a
historical brick wall using VIPs by Johansson et al. (2014).

Insulating the outer facades is beneficial for the reduction of thermal bridging
and can be made easy by using adhesives to stick the VIPs to the facade.

In wall constructions, VIPs will not only give positive results in reduced energy
usage, but also be quite visible through slimmer wall constructions. As mentioned
earlier, this will work towards making VIPs more economically favourable with
respect to increased indoor living space.

7.3.5.2 Glazing Structures

For glazing structures, the transition between glass areas and opaque areas may be
made more architecturally appealing by insulating with VIPs. The high thermal
resistance enables slim facades and smoother transitions (see, e.g. Fig. 7.8). In some
areas, VIPs were integrated into the glazed parts between enamelled glass panes
(Pool 2009).
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Fig. 7.8 Residential and
office building in Munich,
photograph by Sascha
Kletzsch (BINE
Informationsdienst 2013)

7.3.5.3 Doors

Due to a restricted thickness, doors are a part of a construction which is hard to
insulate properly with traditional insulation, and hence, the doors become a source
for heat to leave the building. By inserting a VIP into a door, it is possible to
increase the thermal resistance of doors and thus reduce the total heat loss from the
building. Nussbaumer et al. (2005) showed that a wooden door system with an
implemented VIP reduced the energy usage for the doors by 25 %.

7.3.5.4 Roofs

VIPs for roofing purposes have been tested for both flat roofs and sloped roofs.
VIPs have shown to be especially good for roofs under terrace floors, where
conventional insulation often makes it hard to get the entrance in line with the outer
floor because of the requirements for insulating properly over the room below.
Here, the VIPs enable a thinner insulation layer making it possible to insulate within
the requirements and at the same time enabling an entrance in line with the outside
floor.

Brunner and Simmler (2008) have monitored VIPs in a flat roof construction
over a three-year period. Assuming that the initial thermal conductivity was
0.0045 W/(m K) and the practical service life ended when the thermal conductivity
exceeded 0.008 W/(m K), the panels used had an expected lifetime of about
25 years.
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7.3.5.5 Floors

Gaining space through insulating with VIPs in the floor is not highly economically
beneficial. Nevertheless, for rooms with large temperature difference demands such as
cold storage rooms, the use of VIPs may be a good choice for reducing energy
demands. Furthermore, in heated floors VIPs may increase the efficiency of the floor
heating system. VIPs may also represent a good choice when there are different space
or thickness restrictions, e.g. restricted floor to ceiling height. Finally, transitions
between floors and outdoor areas can be made stepless by insulating with VIPs.

Refurbishing poorly insulated floors may also be accomplished with VIPs. An
example from UK showed that insulating over an existing concrete floor slab could
reduce the U-value from 0.78 to 0.15 W/(m* K) by using 20-mm VIPs. The new
floor had a minimal increase in thickness (Kevothermal 2011).

7.3.6 New Construction Examples

Selected examples of new constructions with VIPs will be shown here. These
examples will be given to illustrate how VIPs may be implemented in new
buildings. General considerations and experiences that were learned from these
examples will be given as well. Building details will not be discussed in detail as
these vary from each individual project. As VIPs are still considered as a new
material solution in the construction sector, there are still a lot of uncertainties about
how they actually perform when implemented in a building, and how to plan the
construction phase with VIPs. Different forms of buildings affect the way VIPs have
to be applied to the constructions. In Nordic countries, the most common way to
build houses is by building with a lightweight timber frame construction. However,
central European countries such as Germany and Switzerland, where most of the
studies on VIPs have been conducted, rely more on massive structures such as brick
and concrete for housing purposes.

7.3.6.1 Munich

The first building over two storeys to be entirely insulated with VIPs was a resi-
dential and office building in Munich (Figs. 7.8 and 7.9). Here the goal was to show
the economical benefits of achieving a slimmer facade by applying VIPs. With a
total area of 1350 m?, the building’s heating requirement is just 22 kWh/(m?year).
This project was also a part of the earlier discussed ZAE Bayern’s VIP-Prove
project. Under an inspection in 2009, 450 m? out of a total of 750 m* of VIPs were
monitored with thermographic scans. None of these showed any signs of damage
(BINE Informationsdienst 2013). The project showed that a big hurdle for VIPs, in
addition to the uncertainties considering lifetime, is the lack of certified building
systems. Getting the required certifications took several months and added extra
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Fig. 7.9 Thermographic scan
of the VIP project from
Munich (Pool 2009).
Thermography photograph
taken as part of the research
project VIP-Prove (copyright
ZAE Bayern)

costs to the project. Planners took on a lot of extra risk and work to make this
happen (Pool 2009).

7.3.6.2 Freiburg

In Fig. 7.10, the Sun Ship from Freiburg completed in 2006 is shown. The sup-
porting structure is made from reinforced concrete and the facade is constructed
from a wooden post-beam construction. A total of 1198 m? of VIPs are fit into place
within the facade. Energy-efficient design, along with the VIPs and installation of
photovoltaic solar cell modules, has made the Sun Ship the first commercial
plus-energy building. The building has won several awards for its energy-efficient
profile (SolarArchitektur 2013). That is, VIPs may be implemented and acknowl-
edged in the aim for a more energy-efficient architecture.

7.3.6.3 Leipzig

A single family house was built in Leipzig in 2006 using a total of 265 m* of VIPs
(Fig. 7.11). The VIPs were implemented in the outer part of the wall construction.
The building was raised with a steel skeleton. The goal was to build a light con-
struction that was energy efficient, ecologically flexible and of materials that were
recyclable.
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Fig. 7.10 The Sun Ship building in Freiburg, photograph by Rolf Disch SolarArchitecture
(VIP-Bau 2013)

Fig. 7.11 Single-family
house in Leipzig, photograph
by Frank Hiilsmeier (VIP-Bau
2013)

7.3.6.4 Laboratory Examples with Timber Frame Constructions

Hot-box measurements on a timber frame construction with 40-mm-thick VIPs
demonstrated that it was possible to reach a U-value of 0.10 W/(m’K) with a wall
thickness of ~20 cm. However, it was clear that building with VIPs requires more
effort in the planning phase because of the lack of adaptability (Haavi et al. 2012).
Hot-box experiments with VIPs in a timber frame construction were also conducted
by Grynning et al. (2011), including single and double layers, tape and
stacking/overlapping effects. Retrofitting of timber frame walls with VIPs between
two climate rooms and subsequent investigations of the condensation risks was
studied by Sveipe et al. (2011) and Jelle et al. (2013a). Furthermore, accelerated
climate ageing of VIPs in a timber frame construction was carried out by Wegger
et al. (2011).



194 B.P. Jell and S.E. Kalnzas

7.3.7 Retrofitting Examples

VIPs hold great possibilities within the refurbishing of existing constructions.
High-performance thermal insulations such as VIPs may be applied even where
space is limited and help to reduce the heat loss from the buildings considerably, i.e.
reducing the total energy usage. In constructions where it is difficult to modify the
thickness of the building, implementation of high-performance insulation is an
efficient option to achieve a greater energy efficiency through insulation. The effi-
cient use of space also opens up for possibilities of renovating listed buildings,
which are not allowed to be renovated at the expense of changing the building
design. Investigations comparing single and double (non-staggered and staggered
joints) layered VIPs of the same thickness are carried out by Brunner et al. (2012b)
and Grynning et al. (2011), which are interesting for both new constructions and
retrofitting cases.

ZAE Bayern has also conducted monitoring projects on retrofitted buildings.
From the VIP-Prove project of ZAE Bayern, the highest score for a refurbished
construction was achieved from a project in Berlin. For this project, a total area of
96 m” of wall was built with VIPs.

7.3.7.1 Laboratory Example with a Historical Brick Wall
Construction

Hygrothermal numerical simulations and laboratory investigations for interior
thermal insulation retrofit of a historical brick wall using VIPs were carried out by
Johansson et al. (2014). The laboratory experiments were conducted in a large-scale
vertical building envelope climate simulator as depicted in Fig. 7.12. The studies
showed that adding interior VIPs could reduce the energy use substantially in brick
buildings, and that various moisture considerations should be taken.

Inter_iur |
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Fig. 7.12 Applying a large-scale vertical building envelope climate simulator for laboratory
investigations for interior thermal insulation retrofit of a historical brick wall using VIPs
(Johansson et al. 2014)
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7.3.7.2 Laboratory Example with a Timber Frame Construction

An investigation of retrofitting with VIPs in a timber frame construction has been
conducted by Sveipe et al. (2011) and Jelle et al. (2013a). The study looked at the
potential to retrofit old Norwegian buildings with VIPs, hence lowering the energy
usage to that of a passive house. A test module as depicted in Fig. 7.13 was built
between two climate rooms to test how the VIP constructions performed with respect
to moisture transport and risk of condensation, both when applied on the inside and
outside of the wall. Insulating the outside of the wall will enable the reduction of
thermal bridges, which is one reason this is normally the preferred solution when
applying conventional vapour open systems. However, when using vapour-tight
VIPs retrofitted at the exterior side, there may be a risk of condensation on the inner
side of the VIPs. With 100-mm mineral wool retrofitted with 30-mm-thick VIPs, the
wall achieved an U-value of 0.143 W/(m? K) for VIPs in pristine condition. When
ageing of the panels were considered [panels reaching a thermal conductivity of
0.008 W/(m K)], the wall had an U-value of 0.181 W/(m? K). These results did not
account for the small thermal bridging of the vertical VIP joints.

7.3.7.3 Practical Example from Canada

At the 10th international vacuum insulation symposium (IVIS-X) in Canada in
2011, a few construction retrofit examples from Canada were presented. One of
these was the retrofitting of an institutional building in Yukon. The interest for a
new and high-performing insulation material with high insulation values per units
of thickness and weight is increasing. Determining the VIP qualities in the harsh

Outdoor

2700 mm
Indoor

Fig. 7.13 Retrofitting with VIPs in a timber frame construction depicting a 3D view as seen from
the bottom of the test module (fop) and a horizontal cross section of the test module (bottom)
(Sveipe et al. 2011; Jelle et al. 2013a)
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Fig. 7.14 Installation of VIPs
with adhesives (MacLean
et al. 2011)

environment of northern Canada was of interest. Initially, one exterior facade was
insulated using VIPs. As costs were high, contractors were hesitant to insulate an
entire building with this new technology. By testing one section of the building
first, the results might lead to increased trust and willingness to conduct more
projects with VIPs.

The evaluation of the construction experience after the project was positive.
Local interest around VIPs was said to increase. The low weight and small thick-
ness made the installation easy, and as a result, the labour was completed under
budget. The VIPs were easily installed with adhesives, i.e. they were stuck directly
on the wall as shown in Fig. 7.14. However, the project is still being monitored
further so there are no conclusive results of the VIP performance yet, even though
the initial indications are positive. An important point that was highlighted was the
need to train all staff on how to install and handle VIPs. The panels are still
expensive and difficult to replace. At the end of a workday, the VIPs should always
be covered by some form of protective layers. The areas where the VIPs are to be
installed must always be investigated for elements that may harm the envelope
through mechanical rubbing (MacLean et al. 2011).

7.4 Future Research Pathways

7.4.1 Other State-of-the-Art Insulation Materials

VIPs show great promise as a thermal insulation material solution for today and the
near future. However, it is not the only thermal insulation material solution under
development. Other interesting materials and technologies that may compete with
VIPs in the future will be mentioned in the following chapters. Furthermore, some
of these may also be used as a core material in the future VIPs.



7 Nanotech-Based Vacuum Insulation Panels ... 197
7.4.1.1 Aerogels

Aerogels are dried gels with a very high porosity, high specific surface area, low
apparent density and a low refraction index. The pore volume of aerogel may vary
from 85 to 99.8 %. This gives the material a bulk density as low as 3 kg/m>, making
it the lightest solid-state material known. For building applications, the density is in
the range of 70—150 kg/m>. At ambient pressure, the thermal conductivity may be
as low as 0.0135 W/(m K), which can be reduced down to 0.004 W/(m K) at a
pressure of 50 mbar (Baetens et al. 2011; Jelle et al. 2015e; Smith et al. 1998).
Aerogels at ambient pressure have thermal conductivity values 2-3 times lower
than conventional insulation, and unlike VIPs, the aerogels can be cut and adjusted
at the building site. However, aerogels have a very low tensile strength, making the
aerogel materials very fragile. The optical properties of aerogels are quite
remarkable. It is possible to produce aerogels which are opaque, translucent or
transparent (Fig. 7.15), thus enabling a wide range of applications such as in
windows, facades and roofs which will allow solar radiation and daylight to pass
through (Baetens et al. 2011; Jelle et al. 2012a, 2015e). For further information on
aerogels, see e.g. the studies by Aegerter et al. (2011), Cuce et al. (2014), Koebel
et al. (2012), Lee et al. (1995a, b), Levy and Zayat (2015) and Wong et al. (2014).
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7.4.1.2 Gas-Filled Panels (GFP)

Gas-filled panels (GFP) consist of a gas between reflective layers sealed within a
low-emissivity barrier envelope. The reflective layer inside a GFP is called a baffle.
Figure 7.16 shows the cross section of a normal GFP. The gas inside the core can
either be air or be other heavier gases that further reduce the thermal conductivity.
Theoretical values of 0.020 W/(m K) and 0.012 W/(m K) for argon- and
krypton-filled panels, respectively, have been found. However, prototype GFPs
have given a thermal conductivity of 0.040 W/(m K) for panels filled with argon in
practical use in a building construction. As a technology with the same fragility and
lack of flexibility as VIPs, but still showing a higher thermal conductivity, the future
of GFPs is questionable (Baetens et al. 2010c).

7.4.1.3 Nanoinsulation Materials (NIM)

Nanoinsulation materials (NIM) can be described as materials that are basically
homogenous and which achieve high-performance thermal insulating qualities
mainly due to their open or closed nanoporous structure. By reducing the pore size
until the maximum pore size in the material is lower than the mean free path of air,
the gaseous thermal conductivity can be substantially reduced. From the conceptual
ideas of NIMs (Baetens et al. 2010a; Jelle 2011; Jelle et al. 2009, 2010), the first
experimental steps have been carried out in order to actually make NIMs in the
laboratory (Gao et al. 2012, 2013, 2014a; Gao and Jelle 2015; Jelle et al. 2011,
2014a, 2015¢c; Sandberg et al. 2013). One main focus for trying to make NIMs
today is manufacturing of hollow silica nanospheres (HSNS) (Fig. 7.17), where
powder samples of these spheres have measured thermal conductivity values typ-
ically in the range of 0.020-0.090 W/(m K), though some uncertainties in the Hot

Fig. 7.16 Technology cross
section of a GFP (Fi-Foil
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Fig. 7.17 Conceptual model
of a NIM based on hollow
nanospheres (left) and a
transmission electron
microscope (TEM) image of
actual hollow silica
nanospheres (right) (Sandberg
et al. 2013)

Disk apparatus measurement method have to be further clarified (Grandcolas et al.
2013; Jelle et al. 2013b). Production and measurements on the thermal insulation
ability of HSNS are further described by Liao et al. (2011) and Sandberg et al.
(2013).

The above-described NIM research is mainly focused on various attempts to
tailor-make HSNS by manufacturing and applying different sacrificial templates,
synthesis procedures, parameter variations, and inner diameters and shell thick-
nesses of the nanospheres. A crucial issue will be how to assemble the HSNS
together into a practical bulk material. Furthermore, it should be noted that the
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future NIM may not necessarily be based on HSNS, nevertheless the investigations
on the HSNS represent a possible stepping-stone towards the ultimate goal of
achieving thermal superinsulation materials (SIM). Safety and health aspects are
also important in this regard. No one wants any similar cases as the well-known
asbestos case. Fabrication of NIM according to membrane foaming and gas release
methods should definitely not be forgotten as they may still represent a possible
way of achieving SIM and NIM, also directly as a bulk material without the need
of, e.g. piecing nanospheres together. Finally, it should be emphasized that also
methods and materials not included within this summary, even hitherto unknown
methods and materials, may hold the solution for the future SIM and NIM.

7.4.2 Possible Future Research on Current VIP
Technologies

7.4.2.1 Various Requirements

As addressing the future possibilities of VIPs, the problem areas of today should be
considered. Thermal insulation materials intended for building applications have to
fulfil several requirements, e.g. as suggested by Jelle (2011) and Jelle et al. (2009,
2010). It is proposed that the initial thermal conductivity should be 0.004 W/(m K)
or below, whereas it should not exceed 0.005 W/(m K) after 100 years. Perforation
should not affect the thermal performance of the material, and it should be robust
when considering climate stresses such as freezing/thawing cycles and ageing. The
thermal insulation material should be adjustable on the building site, and further-
more, it should have a low negative environmental impact. In addition, the insu-
lation material should be cost-competitive in comparison with other products.

For VIPs of today, a lot of the suggested requirements are not met. The path
forward can either focus on improving the current technologies or explore new
technologies based on similar principles as those that have been used while working
with VIPs. In the following, some of the work and reflections about the future of
VIPs will be discussed.

As mentioned earlier, the two main components that lead to and maintain the
low thermal conductivity of VIPs are the core and the envelope. However, they are
not directly depending on each other. That is, improving one of the two individually
will contribute positively to a better VIP. Thus, research being conducted on
improving the core and envelope can be explored separately.

7.4.2.2 The Core

There are several factors with the current core technology that can be addressed to
make VIPs more attractive, i.e.:
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1. Developing core materials that better resist permeating gases and water vapour.
Introducing getters and desiccants to the core is not a permanent solution to
gases permeating through the envelope. They will eventually reach their
capacity for adsorbing water vapour and gases and the core material will begin
to lose its thermal resistance properties. New core materials with smaller pores, a
stronger structure and generally better resistance, may increase the expected
lifetime of a VIP.

2. Producing core materials that can achieve a lower solid and radiative conduc-
tivity. Further reduction of the thermal conductivity may be achieved through
reducing the heat loss from conduction in the solid material and the radiative
heat transfer through the voids in a VIP. However, as noted earlier, the
solid-state conductivity and radiation conductivity are already very low, i.e. a
combined total value of 0.004 W/(m K) or lower.

3. Reducing the production costs of the current core materials or seek new
materials that can be produced at less costs. For VIPs manufactured for the
building sector, the core materials are mainly nanoporous materials. As of today,
the production costs for these materials are still very high. Exploring new
methods to produce the core materials can therefore make VIPs more
cost-competitive.

4. Developing core materials that are better at maintaining a vacuum, and less
vulnerable towards perforation and cutting [e.g. vacuum insulation materials
(VIM)], and ultimately core materials that have low thermal conductivities at
atmospheric pressure (e.g. NIM) (Baetens et al. 2010a; Jelle 2011; Jelle et al.
2009, 2010). That is, such core material developments are moving beyond
the very concept of vacuum insulation panels, i.e. not requiring vacuum or
(enveloped) panels.

Hence, the utilization of various nanotechnologies is seen in one of the major
promising development areas for VIP core improvement.

The National Research Council-Institute for Research in Construction
(NRC-IRC) (Canada) has noted the costs of VIPs to be one of the major factors that
is stopping the wide use of VIPs in the construction sector. To meet this challenge,
they have started ongoing research to find less expensive core materials. By using a
vacuum-guarded hot plate (VGHP), different open porous insulating materials can
be tested at different pressure levels. None of the materials tested so far has been
commercialized, but work is still ongoing (Mukhopadhyaya et al. 2008).

7.4.2.3 The Envelope

The envelope is the weak point of VIPs as of today. Permeation through the
envelope leads to an increase in thermal conductivity, heat bridging contributes to a
higher thermal conductivity, and the envelope is fragile and can easily be perfo-
rated. These are some of the major issues that need to be further improved. One aim
is to develop an envelope without the aluminium layers. The aluminium in today’s
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laminates leads to an increase in thermal bridging. However, they are necessary to
reduce the permeability through the envelope as polymers do not have the same
resistance against permeation. Thus, if a polymer material with a much larger
permeation resistance could be introduced, this would work favourably for the
reduction of thermal bridging. Reducing the permeation sufficiently would also
allow for less expensive materials such as glass fibres and PUR foams to be used as
core materials with an extended lifetime. Note the earlier discussion herein con-
cerning the faster increase in VIP thermal conductivity when applying
thin-metallized polymer film MF than when applying the thicker aluminium foils
(AF).

The production method may also lead to flaws with today’s envelopes. Material
imperfections and processing errors need to be handled to increase the trust in VIPs.
Material imperfections such as pinholes are impossible to notice by just a visual
inspection, but may reduce the lifetime of the panel. New methods of assuring the
quality should be considered. This will also be beneficial as it will allow monitoring
of panels without results being affected by a faulty production process.

There is also the problem with the lack of robustness for the envelope. Steel
casings have already been tried for use as envelopes. Stainless steel makes for an
almost impermeable envelope with only a few mm thickness. The steel will also
represent a robust panel, which is not easily perforated. However, there is the issue
of a greatly increased thermal bridging as well as possible corrosion of many
stainless steel qualities. A method with serpentine edging to minimize edge loss has
been investigated by Thorsell and Kéillebrink (2005). Figure 7.18 shows an illus-
tration of how serpentine edges work in a two-dimensional view. For a steel casing
with 11 serpentines with a depth of 20 mm, the thermal bridging effect was found to
be 0.010 W/(m K). The robustness of these serpentine edges may be questioned,
however. Furthermore, the actual thermal resistance of the joint between two such
VIPs with serpentine edges may also not be as high as desirable.

Further research must also be made on the sealing technique for the envelope.
The heat-sealed flange is often considered as a weak point in the modern VIPs.
Understanding the processes around the sealing process may help to improve the
seals and reduce the permeation through it. There are also investigations going on
as to where it is most beneficial to put the seal, i.e. either along the panel edges, or
on one of the large area surfaces on the panel.
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Fig. 7.18 Serpentine edging in VIPs. Redrawn from Thorsell and Kallebrink (2005)
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7.4.3 Further Reflections

One important factor to consider is the “economies of scale”. VIPs have not yet
been widely used as a thermal insulation material, and even though there are a
variety of manufacturers, the production scale is not comparable to conventional
insulation. As VIPs gain confidence as an insulation material, the scale of pro-
duction will increase and most likely lead to a reduction of production costs for
VIPs (Mukhopadhyaya et al. 2011).

As mentioned earlier, there are other insulation materials in development that
may end up competing with VIPs in the future. The outlook is interesting for both
aerogels and NIM, and further studies are being conducted on these materials. Their
ability to be adapted at the building site, lack of inherent thermal bridges and
generally higher robustness makes them more suited for building applications. The
nature of the construction industry is known to be conservative. Introducing VIPs,
that are a fragile and not a very flexible material, will put new demands on con-
tractors and building planners for how to plan, handle and implement the VIPs
correctly. Aerogels and NIMs, however, could be implemented much like con-
ventional insulation today, and would make for a much more seamless adaption
(Tenpierik 2009). One may also envision applications of VIPs together with other
thermal building envelope materials, e.g. phase change materials (PCM) for
absorbing and releasing heat (Baetens et al. 2010b; Demirbas 2006; Farid et al.
2004; Hasnain 1998; Kalnzs and Jelle 2015; Khudhair and Farid 2004), or inte-
grated with other building envelope elements such as building integrated photo-
voltaics (BIPV) for harvesting the solar energy for electricity generation (Jelle et al.
2012b; Jelle and Breivik 2012a, b). To attempt to reach as low emissivity (Jelle
et al. 2015a) as possible for use in envelope surfaces or within the pores (inner pore
walls) of a core material may represent viable research paths for future solutions.
Utilizing state-of-the-art materials technologies as mentioned above together with
VIPs represent possible pathways for achieving the energy-efficient and
energy-producing buildings of the future. In such energy-efficient buildings,
another important technology is smart windows including electrochromic windows
for regulating the solar transmittance throughput in windows and other glazing
structures (Granqvist 1995, 2005, 2008, 2012; Jelle 1993, 2013a, 2015; Jelle and
Hagen 1993, 1998, 1999; Jelle et al. 1993, 1998, 2007; Lampert 1998, 2004;
Ribeiro and Mortimer 2015), which may be seen as part of the development of
intelligent buildings. Furthermore, to keep these glass surfaces free from dirt, snow
and ice, e.g. for smart windows and BIPV, the research on self-cleaning surfaces,
superhydrophobicity and icephobicity should also be noted (Eberle et al. 2014;
Hejazi et al. 2013; Jelle 2013b; Jung et al. 2011; Midtdal and Jelle 2013; Schutzius
et al. 2015; Zhang and Lv 2015).

Various advantages and drawbacks of applying nanotechnology in the con-
struction sector are reviewed by Pacheco-Torgal and Jalali (2011). Certainly, as one
in the coming years will experience many new and innovative materials and
solutions based on nanotechnology, one also has to address any toxicity issues to
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avoid any health and safety hazards. That also goes for the improvement of VIPs
and development of new thermal insulation materials and other technologies to be
used in the building envelope such as the ones mentioned in the above. Several of
these new materials will probably be developed by research groups within the
European Commission Horizon 2020 programme, where the utilization of nan-
otechnology also will play an important role (Pacheco-Torgal 2014).

7.4.4 Producing Vacuum Insulation with New Technology

The general idea of VIPs is that the vacuum greatly reduces the gaseous conduc-
tivity through a material. However, with the current manufacturing technology, an
open porous structure is a requirement for panels to be totally evacuated to a
vacuum. A new thought is to create a material with a closed pore structure in
combination with vacuum (Fig. 7.19). This would give the same low thermal
conductivities as a VIP, but without the need for a sealing envelope. Should a
material like this be perforated the result would just be a local thermal bridge, and
the material could also be cut and adjusted at the building site. Such a material is
referred to as a VIM (Baetens et al. 2010a; Jelle 2011; Jelle et al. 2009, 2010).

However, a problem for this solution would be that gases (air) and water vapour
would also permeate through the solid-state pore walls similar to as it would
through the envelope of a VIP.

Synthesis of closed porous silica has been studied by Pei et al. (2004).
A challenge concerning a closed pore-structured material is that the material can no
longer be evacuated. Therefore, a material like this may have to be manufactured
under vacuum to create an evacuated closed pore structure or a material blowing
itself up from within or pore walls absorbing all of the initial gases in the pores
(Jelle et al. 2009, 2010).
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Fig. 7.19 Illustration of a vacuum insulation material (VIM) (Baetens et al. 2010a)
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7.4.5 The Path Forward for VIPs in the Construction Sector

As VIPs improve and become a part of the building envelope of tomorrow, it will
be necessary to create standards for their use. As of today, the building projects
which have been completed have had to be approved individually. Applying for
approval for each individual building from local building regulators is time con-
suming and makes it harder for VIPs to gain access to the building sector at a larger
scale. As we have seen however, many of the reference projects have given positive
results. New standards should include how to properly handle, store and install
VIPs. As mentioned by Brunner (2009), a standard which is in line with the other
European product standards EN13162 to EN13171 on how to handle thermal
insulation, should be made for VIPs as well. These standards do, among other
issues, state initial testing and production control for the materials. Other important
factors that need to be described are design guidelines, more clear material speci-
fication standards and handling instructions.

Another goal for the building sector may also be to innovate how constructions
are being built around VIPs. The thermal conductivity increase in VIPs by a factor
of about five times if the panel is punctured is a major weak point. New planning of
constructions to make it possible to monitor the VIPs and easily replace broken
VIPs might make them more suitable and desired for constructions. For various
experimental tests on VIPs for building applications, it is referred to the investi-
gations by Grynning et al. (2011), Haavi et al. (2012), Sveipe et al. (2011), Wegger
et al. (2011) and Johansson et al. (2014), whereas for more general information
about accelerated climate ageing of building materials, components and structures,
including new materials and solutions (e.g. VIPs), it is referred to the studies by
Jelle (2012) and Jelle et al. (2012c). Performing a robustness assessment of these
materials and components may also be found to be beneficial (Jelle et al. 2014b).
Brunner et al. (2014) address in a recent review the continuous challenges and
developments for VIPs for building applications.

The manufacturers of VIPs and contractors should also work together to
establish a common norm for the use of VIPs in buildings. Enabling standard
formats for VIPs would be beneficial for all participants. Allowing VIPs to be
stored in the factory after production may enable the manufacturers to notice broken
panels before they are shipped out. Broken panels will be easier to reorder from
stock and a standardized production process may lead to fewer defect panels. As of
today, production problems are still critical for faith in the VIP technology
(Zimmermann and Brunner 2011). The need for quality assurance is present in the
market. Standardized tests to assure that there are no microscopical damages or
relatively large leakages through weak seals should be guaranteed to the customers
through a quality label (Erbenich 2009).

It is still difficult to measure the gas pressure inside VIPs. When defect panels
are discovered, the only solution is to exchange the panels. Caps et al. (2008) have
demonstrated that technology for measuring the gas pressure inside the panels is
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available. For the future, the use of measurement technology has to be more
common so that the quality of all VIPs can be assured.

In Europe, a Common Understanding of Assessment Procedure (CUAP) and
globally an ISO Working Group have been established to deal with testing pro-
cedures for VIPs. The definition of clear test methods will help to define when
panels are damaged due to faults in production versus bad handling during transport
and installation (Brunner et al. 2012a). Noteworthy in this respect is the estab-
lishment of the International Energy Agency (IEA) Annex 65 Task “Long-Term
Performance of Super-Insulating Materials in Building Components and Systems”
(Quenard 2015a, b) and the “Vacuum Insulation Panel Association” (VIPA) (VIPA
2015). Meanwhile, the research on VIPs continues in various studies including
theoretical, experimental and field investigations (Baetens 2013; Li et al. 2015;
Boafo et al. 2014; Mandilaras et al. 2014; Miesbauer et al. 2014; Mukhopadhyaya
et al. 2014; Pons et al. 2014; Sallée et al. 2014; Sprengard and Holm 2014;
Voellinger et al. 2014; Yrieix et al. 2014; Fricke et al. 2008; Tenpierik and Cauberg
2010; Alotaibi and Riffat 2014; Jelle et al. 2015d). One may incorporate VIPs in
sandwich elements with concrete (Voellinger et al. 2014), and one may also
envision to make a new and better thermally insulating concrete material by, e.g.
incorporating aerogel granules into the concrete matrix (Gao et al. 2014b; Ng et al.
2015a, b; Jelle et al. 2015b) and aerogel renders (Ghazi Wakili et al. 2014; Ibrahim
et al. 2015; Stahl et al. 2012). With all these continued efforts, the future looks
bright for improvements and innovations within high-performance thermal insula-
tion materials.

7.5 Conclusions

VIP manufacturers on the market today offer a wide variety of VIP products. VIPs
in general applications have already been used on the market for nearly two decades
with success. For the construction sector, there are still challenges to overcome. The
lack of certified building systems and official approvals from governmental agen-
cies are providing hurdles that will need to be handled. Education and further
promotion of VIPs are important in order to accelerate the implementation of VIPs
in constructions. Hence, the challenges are placed with the manufacturers, needing
to improve the quality assurance of their VIP products, and to be able to give a
guarantee the end users can rely on. It is important that data from already finished
constructions are gathered and shared, so that the uncertainty of how VIPs perform
at practical conditions can be reduced. Removing uncertainties around VIPs, and
reducing the costs, represent important factors for a larger commercialization of this
product.

VIPs show great promise as a building insulation material for today and in the
near future. Many projects have already been completed with VIPs, where many
show good initial results. If the technology may be further improved, and the
current lifetime can be extended and guaranteed, VIPs will become a more trusted
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choice for thermal insulation. However, even if the moisture and air diffusion into
the VIP core somehow could be reduced to almost zero (which is far from the
situation today), the lack of flexibility and the risk of perforation will always be
major drawbacks for the application of VIPs. Other high-performance insulation
solutions have been described briefly, where some of these show great promise,
combined with the possibilities of increased flexibility and being able to be adapted
at the building site. Thus, these may eventually become a favourable choice over
VIPs if or when they are able to be commercialized. The application of nan-
otechnology for achieving and improving these high-performance thermal insula-
tion materials, both for vacuum and non-vacuum based solutions, seems to be a
logical and promising pathway to follow.
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Chapter 8
Nanomaterial-Based PCM Composites
for Thermal Energy Storage in Buildings

R. Parameshwaran and Siva Kalaiselvam

Abstract Energy efficiency in buildings is a vital factor to be addressed in every
stages of development of building envelopes, since buildings consume almost
one-third to one-quarter of energy being produced globally. In the spectrum of
techniques available to cater the building cooling and heating load demands, there
has been a continuous quest toward latent thermal energy storage (LTES) systems
for achieving energy redistribution requirements in buildings. The interesting fact
about the LTES systems relies on the phase change materials (PCMs) being used to
store and release heat energy depending upon the thermal load demand. A step
ahead, the utilization of nanomaterials paves the way for accomplishing enhanced
thermal performance of such PCMs on a long run. This chapter is exclusively
dedicated to provide better understanding of a variety of nanomaterial-based PCM
composites for thermal energy storage and energy efficiency in buildings. This is an
ever-growing as well as emerging field of interest to wide scientific and engineering
communities globally. The nucleus of this chapter is focused on the enhancement of
thermal energy storage capabilities of NanoPCM composites which would con-
tribute for achieving improved energy efficiency in buildings.
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8.1 Introduction

In the quest toward energy conservative design of thermal systems, several methods
dedicated to reducing the energy consumption in buildings have gained impetus
globally. In recent years, the concept of integrating latent thermal energy storage
(LTES) systems for building envelopes has been increasingly attractive.

In recent years, many research studies have been performed globally in order to
enhance the latent thermal energy storage mechanisms of phase change materials
(PCMs) for various industrial, commercial, residential (domestic) cooling and
heating applications (Gracia and Cabeza 2015). These research studies primarily
investigated the different heat transfer enhancement techniques for thermal energy
storage systems.

Although the LTES system offers better energy storage capability at nearly
isothermal conditions, the PCMs packed inside these systems possess certain
inherent limitations in heat transfer characteristics which directly affect the overall
performance of the LTES system. Because of the very low thermal conductivity
observed in the conventional PCMs, the effect of supercooling dominates in many
PCMs, while they undergo the phase change processes. Hence, it is of great
importance to enhance the thermal properties of PCMs and to ensure better thermal
performance during the phase transition as well.

In particular, the modern research works on the LTES systems using PCMs are now
especially focusing toward using the advanced technologies for achieving improved
energy savings potential in buildings (Jamekhorshid et al. 2014). In this context,
scientists and researchers across the world have come out with a better solution in the
form of a technology, which is altogether referred to as nanotechnology.

Nanotechnology serves as a means to produce engineered materials at nanoscale
level (0.1-100 nm) with tunable physicochemical and thermophysical properties
(Pacheco-Torgal 2014). The success of nanotechnology has been realized in almost
all the fields of engineering and technology, and the application of nanotechnology
can be considered to serve as an effective tool to confront the energy challenges in
buildings.

8.2 NanoPCM Composites for Thermal Energy Storage
in Buildings

8.2.1 Phase Change Materials (PCMs) and Their Properties

The significance of integrating the PCMs or LTES materials in buildings can be
experienced through their phase transition characteristics with respect to the thermal
load demand persisting in the building enclosure. PCMs are commonly referred to
as chemical compounds which remain in either solid or liquid state at atmospheric
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conditions, and whose fusion temperature would be in the range of redistributing
the thermal load demand in buildings on timely basis.

Typically, the operational mechanism behind all PCMs is their tendency to
freeze or melt depending upon the head load being supplied or extracted from them.
For instance, a liquid PCM (at atmospheric conditions) if subjected to a temperature
lower than its freezing temperature, the PCM would tend to solidify accordingly.
Precisely, the phase transformation from liquid to solid state is governed by heat
addition, thermophysical properties, etc., of the PCM.

The internal energy change taking place during phase transformation at almost
isothermal conditions would give a measure of the latent heat of fusion of the PCM.
Similar is the case for melting of the PCM. In practice, a variety of latent heat
storage materials are available as shown in Fig. 8.1. Depending upon the type of
phase change mechanism and thermophysical properties the LTES materials would
exhibit, they can be used to cater the energy redistribution requirements in buildings
suitably.
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Fig. 8.1 Classification of PCMs (Su et al. 2015)



218 R. Parameshwaran and S. Kalaiselvam
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High rate of crystal growth so that the system can meet demands of
heat recovery from the storage system

properties

Chemical stability J

. . Complete reversible freeze/melt cycle
Chemical properties

No degradation after a large number of freeze/melt cycle J

Non-corrosiveness, non-toxic, non-flammable and non-explosive
materials
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Economic
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Large-scale availabilities ‘

Fig. 8.2 Selection criteria for latent heat storage materials (Zhou et al. 2015)

The properties which are considered most essential for LTES materials are
categorized in Fig. 8.2. These properties would basically help the design engineers,
architects, or the building developers to select or judge appropriate LTES materials,
which are highly suitable for energy-efficient building applications.

In addition to these essential properties, the LTES materials should also satisfy
some of the vital performance parameters while incorporated into building com-
ponents, which are as follows:

Thermal load demand persisting in building enclosures;
Type of heat storage (either by passive or by active method);
Swift phase transition characteristics;

Integration with cooling and/or heating systems in buildings;
Energy/cost savings potential on an overall.
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2015)

The relationship between the range of melting temperature and latent heat
capacity of LTES materials is represented in Fig. 8.3. It is clearly observed that the
LTES materials of the category organic, salt hydrate, eutectic, and solid—solid
PCMs exhibit relatively lower melting temperatures. On the other hand, the inor-
ganic and metallic PCMs do have higher melting temperature range; however, most
of the metallic compounds possess relatively lowest latent heat storage capacity.

Similarly, the relationship between the melting temperature and thermal con-
ductivity (in log scale) reveals that the metallic PCMs do have higher thermal
conductivity when compared to the inorganic and organic PCMs, by over
10 W/m K (Log (k) > 1). Also, the thermal conductivity of the inorganic PCMs is
higher than the organic PCMs.

The inherent merits and limitations of organic and inorganic salt hydrates and
eutectic heat storage materials are summarized in Tables 8.1 and 8.2.

8.2.2 Nanomaterials and Their Characteristics

Owing to the excellent properties of materials found at the nanoscale level, which is
significantly different from the one in its bulk state, the integration of nanotech-
nology in thermal energy storage has been gaining impetus in recent years.
However, nanotechnology is considered to have been evolved over many years ago,
but due to the technological advancements that are taking place in materials science
and engineering, the adaptation of nanoscale analysis from the engineering per-
spectives is seen equally vital for modern building applications.
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Table 8.1 Merits of the LTES materials

Organic (paraffins and
non-paraffins)

Inorganic salt hydrates

Eutectics

They are available in a large
range of temperature

They possess high volumetric
latent heat storage capacity

They exhibit
application-specific sharp
phase change temperature
(melting temperature)

Values of latent heat of
enthalpy are high (e.g., fatty
acids have much higher latent
heat of fusion than the
paraffins)

They possess low vapor
pressure in the melt state

Exhibit slightly high
volumetric thermal storage
density than the organic
compounds

Supercooling degree or
superfusion effect is normally
low during freezing process

They are non-corrosive,
non-reactive, non-flammable,
and not dangerous

Relatively low segregation
even after several thermal

Have good compatibility with
the conventional construction

They possess low or no
segregation. Thermal
reliability is good with
congruent phase transition
characteristics

cycles (thermal reliability).
High thermal stability,
congruent phase transition
process

materials. Recyclable,
cost-effective, and ease of
availability

Show self-nucleation and
growth rate properties

Exhibit high latent heat of
enthalpy and sharper phase
transformation. High thermal
conductivity with lower
volumetric changes during
phase change. Safe to the
environment in terms of
handling and disposing when
compared to the paraffins

In particular, the application of nanotechnology in materials which would store
and release heat energy based on the thermal load demand in buildings is inex-
orable. The thermophysical and physicochemical property changes occurring at
nanoscale level in latent heat storage materials are identified to be functional as well
as energy efficient, while they are incorporated into building structures.

Basically, nanomaterials or nanostructures refer to a class of materials whose
size normally ranges from 0.1 nm to 100 nm, thereby giving extraordinary per-
formance when they are blended with the base material. The resulting nanocom-
posite material would then have excellent thermophysical attributes which
ultimately enhance the heat energy storage performance of the LTES material. The
broad classification of nanostructured materials is presented in Fig. 8.4.

The most commonly preferred routes of producing nanomaterials are as follows:
(a) top-down approach and (b) bottom-up approach. As depicted in Fig. 8.5, it can
be seen that in a top-down approach, the nanostructured materials can be formed by
fragmentation of large coarse bulk materials into smaller size particles in sizes
ranging from few nanometers to micrometers. In the case of bottom-up approach,
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Table 8.2 Limitations of LTES materials

Organic (paraffins and
non-paraffins)

Inorganic salt hydrates

Eutectics

Density, thermal
conductivity, and latent heat
of fusion are inherently
lower

Relatively high supercooling
properties

Analysis of eutectics for
thermal energy storage
applications is limited due to
the insufficient and
non-availability of the
thermophysical property data

Inflammable, less
compatible with plastic
containments

Low degree of nucleation
(requires nucleating
additives and thickening
constituent materials)

Larger volumetric changes
are possible during charging
and discharging (applicable
to some grade of organic
compounds). Expensive by
nature

Incongruent phase change
and dehydration occur
during freezing and melting
cycles

Decomposition associated
with phase separation.

In some cases, fatty acid
eutectics evolve pungent
odor, making them less
suitable for PCM wallboard
thermal energy storage
applications in indoor
environments

Compatibility with some
building materials is limited.
Exhibit corrosion properties
when subjected to most
metals. Slightly toxic in
nature

the nanostructures of desired shape and size can easily be formed by the self-
assembly of atoms or molecules well within the nanoscale level from the bottom
range of 0.1 nm up to 100 nm. In general, the production of nanomaterials through
the bottom-up approach is much appreciated due to the precision and process
efficiency in acquiring the desired morphology of the nanoparticles for real-time
applications.

8.2.3 NanoPCM Composites

The term “nanocomposite” usually refers to the materials being blended at nanoscale
level or embedding of nanostructured material into the bulk material. The purpose of
infusing a nanomaterial into the bulk material (which is usually different from that of
the nanomaterial being produced) is to improve certain vital properties related to its
operational performance on a long run. In the case of thermal energy storage, the
LTES materials which are either organic or inorganic or eutectic compounds do have
certain deficiencies in terms of their operational performance. For which, through the
doping of specific nanomaterial in them would certainly improve their thermal
storage properties significantly. For instance, most of the organic PCMs possess
relatively low thermal conductivity. Thus, the incorporation of nanomaterials as heat
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enhancement materials into the bulk organic PCMs can enable them to perform
better while undergoing phase transition processes (Fig. 8.6).

In this context, Jeong et al. (2015) performed an experimental study on LTES
material containing exfoliated graphite nanoplatelets and showed that by infusing
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Fig. 8.6 DSC graph of a paraffinic PCM-based composite PCM and b paraffinic PCM-based
composites with xGnP (Jeong et al. 2015)

nanostructures, thermal conductivity of the organic PCMs can be enhanced by several
folds. That s, the n-octadecane-based nanocomposite PCM yielded 254 % increase of
thermal conductivity with respect to the normal n-octadecane composite PCM.

Furthermore, the thermal analysis results also confirmed the significance of
embedding the graphite nanoplatelets into the paraffinic PCM. That is, more PCM
has been filled into the porous structure of the exfoliated graphite nanoplatelets,
thereby resulting in the enhanced thermal efficiency and high latent heat capacity
which can be considered suitable for building applications.

Sayyar et al. (2014) demonstrated the usefulness of NanoPCM wall for catering
the cooling and heating loads in buildings. The analysis on the control wall (without
PCM) and the NanoPCM wall clearly indicates that by introducing the graphite
interconnected nanosheet-based PCM, the temperature in indoor environment is
found to be maintained near to the comfort zone.

The colored regions in the graph depict the differences in the heat fluxes. This
signifies the real importance of the NanoPCM utilization in offsetting the cooling
load demand, which also contributes for energy savings potential in buildings.
Overall, about 79 % of total energy savings have been made possible by these
NanoPCM walls, catering for the total reduction in the heating/cooling energy
demand ranging from 4191 to 877 J.

In recent years, the incorporation of nanomaterials into PCM for satisfying the
cooling requirements in buildings has also been increasingly attractive. As could be
observed from the study performed by Sayyar et al. (2014), another interesting
research work carried out by Fang et al. (2013) also supports the integration of
NanoPCMs in buildings in order to make them energy efficient on a long-term
basis.

Fang et al. (2013) reported that the organic PCM (n-tetradecane, shortly referred
as Tet) which acts as the core material and the polystyrene that serves as the shell
material exhibit good thermal energy storage performance for cool storage appli-
cations in buildings. The nanoencapsulated PCM being produced in this work
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(Fig. 8.7) is observed to have better thermal stability (more than 40 thermal cycles)
and no delamination and is completely stable.

Moreover, the phase transition characteristics are also equally good with freezing
at —3.43 °C, melting at 4.04 °C, and latent heat of enthalpy for freezing and melting
to be 91.27 and 98.71 J/g, respectively. The nanocapsules (containing PCM) are
suggested to be viable and efficient candidates for heat storage in buildings. Biswas
et al. (2014) also demonstrated the usefulness of nano-PCM wallboard, which
yielded higher load factors, produced effective thermal management in indoor
environment as well as contributed for the reduction in the electrical energy con-
sumption and costs.

Similarly, the development of polymer nanocomposite PCMs is gaining impetus
in building applications in recent years, which is due to the improved thermal
energy storage properties being exhibited by such NanoPCMs. Here, the
nanocapsules are prepared such that the PCM acts as the core material and the shell
is formed by a copolymer.

In a recent study performed by Tumirah et al. (2014), the NanoPCM containing
n-octadecane as the core material and styrene-methyl methacrylate (StMMA)
copolymer shell has been prepared through the miniemulsion in situ polymerization
method. Several samples have been prepared for estimating the thermal storage
performance of the nanoencapsulated PCMs.

The micrographs shown in Fig. 8.8 clearly indicate that the organic PCM (dark
spherical particle) has been encapsulated by the shell copolymer (outer ring). It is
revealed that the nanocapsules being tested exhibited increased stability (both
thermal and chemical) without compromising on the morphology and the
smoothness.

In addition, the nanocapsules are 102 nm in diameter (average measurement
value), which signifies that the mass ratio of SYMMA plays an important role in
determining the encapsulation efficiency as well as the structural morphology of the
as-prepared nanocapsules. Based on the test results, it is pertinent to note that the
NanoPCMs exhibited good heat transfer characteristics, latent heat of enthalpy, and
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Fig. 8.8 TEM image of the n-octadecane/St-MMA nanocapsules of sample A4 at two different
TEM setting views: a magnification 100 k and b magnification 30 k ¢ particle size distribution
studied using DLS (Tumirah et al. 2014)

phase transition temperature during charging and discharging cycles, provided the
thermal conductivity of which actually depends on the encapsulation efficiency of
the nanocapsules.

Khadiran et al. (2015a, b) described the thermal energy storage potential of acti-
vated carbon-based shape-stabilized n-octadecane nanocomposites for building
applications. Factually, the porous wall of the activated carbon (AC) acts as a nucle-
ating agent, thereby effectively promoting the phase change processes of the organic
PCM. The lesser the PCM concentration, the deeper the penetration of the PCM into
the porous matrix of the activated carbon. Thus, the encapsulation efficiency of the
nanocomposites is equally good, which is about 42.5 % for PCM loading of 43.4 %.

The adsorption of the PCM into the porous structure of the activated carbon
matrix can be easily visualized from the micrographs, which further signifies the
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molecular interaction between the two materials. Due to the capillary action as well
as the high surface ratio of activated carbon, the organic PCM gets occupied into
the filler regions of the activated carbon, resulting in the good thermal stability and
latent heat capacity, highly suitable for building applications.

Cao et al. (2015) revealed the vital aspects of nanocomposite PCM for building
applications through experimental studies. It can be seen from the micrographs
(Fig. 8.9) that fatty acid eutectics have been impregnated into the porous structure
of the nanofibrous mats, which in turn yielded mechanical strength, good phase
transition properties, and thermal stability for the PCM. The adsorption of the PCM
into the porous structure of the nanomats was really good in the sense that even
during repeated melting cycles, the PCMs are observed to be well intact (no
leakage) with the nanofibrous mats.

The phase change enthalpies and temperatures of the as-prepared nanocomposite
PCM are measured to be 120.1-165.4 kJ/kg and 19.8-31.4 °C for PAN mats, and
92.1-128.0 kJ/kg and 18.8-30.7 °C for carbon mats, respectively (Fig. 8.10). It is
worth to note that the as-prepared form of stable nanocomposite PCMs exhibited
suitable phase change properties for thermal energy storage applications including
building energy conservation, temperature regulation in underfloor boards or
wallboards, and solar space heating.

Fig. 8.9 The SEM images of a electrospun PAN, b carbon nanofibrous mats, ¢ CA-PA/PAN, and
d CA-PA/carbon (Cai et al. 2013; Cao et al. 2015)
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Fig. 8.10 Comparisons on absorption capacities of electrospun PAN and carbon nanofibrous mats
on fatty acid eutectics (extracted from DSC measurements) (Cai et al. 2013; Cao et al. 2015)

In a similar way but earlier point in time, Do et al. (2012) developed core/shell
composite nanofibers as composite PCM through coaxial electrospinning method.
Here, polyethylene glycol (PEG) which is an organic PCM with three different
molecular weights has been utilized for testing thermal energy storage capability for
building applications. The thermal properties of the NanoPCMs are summarized in
Table 8.3. Based on the test results, it is inferred that the thermal characteristics of
the NanoPCMs are well maintained, showing good thermal stability.

In order to study the properties of a variety of PCMs, in particular encapsulated
organic PCMs (OPCMs), Khadiran et al. (2015a, b) have identified different
characterization techniques and suitably presented those which are most commonly
used to characterize both pure PCMs and the NanoPCMs as well.

Depending upon the type of PCMs being selected and the nanomaterials to be
infused into them, the necessary characterization technique can be used to measure
their thermophysical and thermal storage properties. The most essential aspects of
encapsulation techniques are to achieve maximum possible thermal storage prop-
erties with cost-effectiveness, thereby enabling the PCMs or the NanoPCMs ready
for applications with tunable dimensions.

Table 8.3 Thermal properties of PEG and electrospun PEG/PVDF composite nanofibers (Do
et al. 2012; Cao et al. 2015)

PEG Core feed Melting Latent Crystallization | Latent Enthalpy

rate (mL/h) | point (°C) |heat (J/g) | point (°C) heat (J/g) | ratio (% PEG)
PEG1000 | Pure 41.1 97 244 92 -

0.126 37.8 22 17.0 19 23.0
PEG2000 | Pure 55.6 112 27.2 107 -

0.126 53.5 32 242 27 25.0

0.150 53.7 36 239 29 32.0
PEG4000 | Pure 64.7 161 31.8 155 -

0.126 63.1 43 314 40 26.8

0.210 62.8 68 31.6 62 42.5
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However, the cost of impregnation or encapsulation of PCMs either with or
without heat enhancement materials implies a direct measure on its utilization index
into real-time building cooling applications. The economic analysis performed by
Kosny et al. (2013) on the aspects of cost-effectiveness for PCM-enhanced building
envelopes gave a good insight about the target cost levels at which the PCM could
be considered cost-effective. They estimated that for a payback period of 10 years
and assuming 30 %-by-weight of the PCM being dispersed in wall insulation, the
target cost level for PCMs with latent heat capacity between 120 and 220 kJ/kg to
be of $3.30-8.80/kg ($1.50-4.00/Ib). On the other hand, from the current context,
the cost of the PCM having latent heat capacity of 116 kJ/kg has been projected to
be less than or around $4.40-6.60/kg ($2-3/Ib), while produced commercially.

In a recent study performed by Biswas and Abhari (2014), a low-cost novel
PCM containing naturally occurring fatty acids/glycerides embedded into the
high-density polyethylene (HDPE) pellets has been prepared and tested for its
thermal energy storage performance in a building fabric component. It is suggested
that adding PCM to only the inner section of the exterior wall could yield better
thermal performance with cost savings potential, instead of incorporating the PCM
to the whole wall cavity.

Figure 8.11 illustrates the overview of type of supporting materials which can be
found suitable for encapsulating the OPCMs using different production techniques.
A review of properties of nanoencapsulated OPCMs which were prepared using
different chemical methods is summarized in Table 8.4.

From the perspective of environmental concerns, scientists and researchers across
the world are putting significant efforts in developing the environment-friendly
PCMs for building applications. In this regard, Konuklu et al. (2015) developed a
series of four nanocapsules which contain n-alkanes (C,H,,.,) including tetrade-
cane, pentadecane, hexadecane, and heptadecane in poly(styrene-co-ethylacrylate)
through emulsion copolymerization method.

Fig. 8.11 The encapsulation
methods and supporting
materials that can be used to
encapsulate OPCMs
(Khadiran et al. 2015a, b)
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Fig. 8.12 SEM micrographs of NanoT (a), NanoP (b), NanoH (c), and NanoHP (d), at 2000 kX
and 2000 kV (Konuklu et al. 2015)

The micrograph results (Fig. 8.12) reveal that the nanocapsules are approxi-
mately uniform and possess spherical profiles. It is obvious that increasing the
proportion of the core material would increase the encapsulation efficiency and the
latent heat capacity as well. In short, the maximum encapsulation efficiencies
obtained in this study ranged from 69 to 87 %, wherein the best core material-shell
polymer ratio has been figured out to be 3:1.

Sari et al. (2015a, b) reported the thermal energy storage potential of
PMMA/C-SEM micro/nanocapsules for the latent heat storage applications in
buildings. They have synthesized the aforementioned micro/nano-PCM capsules by
using the emulsion polymerization technique. Based on the test results, it is realized
that the micro/nanoencapsulated PCM possessed good thermal reliability, thermal
conductivity, and chemical stability as well. Thus, it is suggested that the
micro/nanoencapsulated PCM can be utilized into the building fabric components
in order to reduce the temperature swings in indoor environment depending upon
the climatic conditions.

Wi et al. (2015) investigated the thermal performances of shape-stabilized PCMs
for saving energy in buildings. In this study, two shape-stabilized PCMs have been
prepared by impregnating the naturally available coconut oil and palm oil, which
serve as the PCMs, into the exfoliated graphite nanoplatelets as supporting material.
The morphology of the nanocomposite PCMs is represented in Fig. 8.13.
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«

Fig. 8.13 Morphology of a coconut 0il/xGnP and b palm 0il/xGnP SSPCMs (Wi et al. 2015)

As expected, the PCMs were completely incorporated into the porous structure
of the exfoliated graphite nanoplatelet matrix. Furthermore, the nanocomposite
PCMs exhibited good chemical stability and thermal conductivity of them increased
over 400 % than at their pure state. In addition, the latent heat storage capacity of
the nanocomposite PCMs is nearly 75 % of those at pure state.

Hossain et al. (2015) studied the heat transfer effectiveness of thermally con-
ductive nanoparticles being dispersed into a PCM containing porous medium. It is
proposed that the void space inside the porous medium is occupied by a nano-PCM
(cyclohexane + CuO nanoparticles). It is observed that for a given porosity of the
porous medium, the PCM containing nanoparticles melted swiftly, thus revealing
the importance of dispersing nanoparticles into PCM.

8.3 NanoPCM Composites for Energy-Efficient Buildings

8.3.1 Attributes of NanoPCMs’ Thermal Energy Storage

In the spectrum of techniques which are available to achieve enhanced energy
efficiency in buildings at macroscale level, the nanotechnology, which is associated
with the enhancement of material properties at nanoscale level, is finding its
application in the enhancement of building energy efficiency. As discussed in the
earlier sections, the nanomaterials which are capable of improving the thermal
performance of the PCMs are highly preferred in modern building construction as
well as for refurbishment in buildings. There are numerous studies being performed
to evaluate the thermal performance of PCMs embedded with nanomaterials. The
review of few research studies revealing the type of PCMs and nanomaterials being
utilized for building applications along with their improved thermophysical prop-
erties is reported in Table 8.5, which is self-explanatory.
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8.3.2 Role of NanoPCMs for Energy Efficiency in Buildings

Energy efficiency in buildings is intensely coupled with the amount of energy
actually required to generate or produce the desired comfort conditions in indoor
environment. In other words, energy efficiency refers to the usage of energy at
minimum level for performing an associated task.

In terms of thermal energy storage, the basic criterion for a LTES system is to
store and release the energy during the cooling or heating load demand situations in
buildings. That is, redistribution of energy from on-peak to off-peak periods and
vice versa would enable the LTES system to enhance the efficiency of the
cooling/heating system in buildings.

It is well known that the PCMs are those materials which are highly preferred to
achieve the energy redistribution requirements in building in several ways by means
of the LTES system. To add value to the technology, energy efficiency in buildings
could further be realized by incorporating nanomaterial-embedded PCMs into
building structures.

The incorporation of NanoPCMs in building components may be passive or
active depending upon the constructional features of the building envelope.
Whatsoever may be the arrangement, the NanoPCMs are capable of addressing the
cooling/heating load demand in buildings, which can enhance the operational
performance of such systems without sacrificing energy efficiency.

The swift phase transformation processes, high thermal conductivity, thermal
stability, chemical stability, durability, and reliability are some of the key functional
aspects or decisive factors governing the operational performance of PCMs. To
substantiate the role of NanoPCMs for energy efficiency in buildings, Parameshwaran
and Kalaiselvam (2013b) investigated the importance of hybrid nanocomposite PCM
for cooling applications in buildings.

In this study, the preparation, characterization, and experimentation of the hybrid
nanocomposite PCM have been dealt in detail. It is pertinent to note that the hybrid
nanocomposite PCM-based LTES system while integrated with the conventional air
conditioning system could be able to redistribute the cooling load demand in
building. Besides, the improved thermal properties of the hybrid nanocomposite
PCM enabled for acquiring on-peak energy conservation potential of 24.8 and
27.3 % in summer and winter conditions, respectively.

In another work performed by Parameshwaran and Kalaiselvam (2014), the
silver nanoparticle-embedded organic PCM-based LTES air conditioning system
yielded energy savings potential ranging from 36 to 58 %, using different venti-
lation schemes in summer and winter conditions (Fig. 8.14).
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Fig. 8.14 Energy savings potential of proposed A/C system compared with a conventional A/C
system and b basically similar VAV A/C system (Parameshwaran and Kalaiselvam 2014)

8.4 Scope for Future Research

From the perspective of the research studies being carried out in the field of nan-
otechnology in recent times, there are much more possibilities for innovation to take
place especially in the front of enhancement of energy efficiency in buildings. Some
of the challenges which are to be confronted to accomplish further scope and
development in the NanoPCMs are suggested below:

e Nanomaterials being infused into the PCMs are often prone to non-uniform
dispersion leading to segregation and agglomeration or aggregation (Zhang et al.
2012b; Parameshwaran and Kalaiselvam 2013a; Parameshwaran et al. 2014),
due to which the thermal storage properties of the PCMs may be altered or get
affected.

e Nanostructures prepared in a range of sizes and with different shapes would
exhibit different tendencies toward acquiring the desired thermal energy storage
capabilities of the PCMs. In some instances, the mass concentration or weight
proportion of nanoparticles would significantly influence the thermal perfor-
mance of PCMs.

e Standardization of thermophysical properties of both PCMs and the nanomaterials
is the need of the hour, which if could be framed on global perspective would help
to select appropriate NanoPCMs for energy-efficient building applications.

e As discussed in the earlier sections, biobased PCMs doped with nanostructured
materials are gaining momentum as potential candidates for energy-efficient
building applications. Thus, as per the Richard Feynman’s statement—There’s
Plenty of Room at the Bottom, in nanoscale level to pursue interdisciplinary
research works toward the enhancement of energy efficiency in buildings using
NanoPCMs.
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8.5 Conclusion

The utilization potential of a variety of nanomaterial-incorporated PCMs for the
enhancement of energy efficiency in buildings is reviewed and discussed. The
bottom-up approach is considered to be the most promising method for producing
nanomaterials, which is basically due to the tunable properties that can bring in the
desired morphology and thermal properties.

In particular, the nanomaterials being utilized as thermal enhancement materials
for PCMs enable them to achieve good nucleation kinetics, swift phase change
properties, thermal stability, reliability, etc. The improved thermal properties of
NanoPCMs are expected due to the creation of densely packed network of thermal
interfaces in between the PCM and the nanoparticles in molecular level.

In addition, the mass proportion of the nanoparticles also plays a vital role in
determining the desired thermal performance of the PCMs. Increased mass con-
centration of nanoparticles in pure PCM can enhance thermal conductivity,
nucleation kinetics, reduced supercooling, etc. However, the mass concentration
ratio of NanoPCM has to be kept at optimum value for experiencing the
improvement in thermal properties on a long-term basis.

Based on the review of research studies presented, the role of NanoPCMs has
been justified to satisfying the decisive factors, which in turn contributed for
acquiring the enhancement of energy efficiency in buildings.
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Chapter 9
Nanotech-Based Cool Materials
for Building Energy Efficiency
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Abstract Cool materials represent an interesting and acknowledged solution able
to produce a threefold benefit: the reduction of cooling energy needs in buildings,
the mitigation of the urban heat island phenomenon, the counterbalance of global
warming trend at larger scale. In fact, they are environmentally friendly and rela-
tively cost-effective materials characterized by high solar reflectance and infrared
thermal emittance properties. Therefore, they are helpful to mitigate the urban
microclimate by decreasing air and surface temperature when applied over building
envelopes, i.e., roofs and walls, and urban paving surfaces. This chapter will discuss
about the key research contributions to the development and testing of such cool
materials’ effectiveness with a specific focus on the material engineering and
characterization. More in details, the recent nanoscale developments will be
addressed and the main applications of cool materials will be discussed in order to
provide quantitative and quantitative assessment of the effectiveness of such
technology for building energy efficiency.
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9.1 Introduction

The solar radiation is commonly associated with light; however, light is only the
visible portion of it, while the solar radiation transmitted through the Earth’s
atmosphere provides measurable power in the spectral range between 280 and
2800 nm, which is the measurement range of common pyranometers.

To analyze the relative weight of the different portions of the solar spectrum, the
solar spectral irradiance distribution can be modeled with the parametrization
implemented in the model SMARTS 2.9.5 (Gueymard 2001, 2005). Considering, for
instance, the global solar spectral irradiance on the horizontal plane for air mass
equal to one computed with a spectral resolution of 5 nm (as in Levinson et al. 2010),
namely at the equator at solar noon, the solar power between 280 and 2800 nm, is
equal to 1090 W m 2. With the visible range defined between 380 and 780 nm (ISO
2003), the solar power in this portion is approximately 55 % of the total power in the
whole solar spectrum, while in the ultraviolet (UV) and near-infrared (NIR) ranges,
there are, respectively, the 5 and 40 % of the solar power.

However, in the range 380—400 nm plus 700-780 nm the average human eye
perceives less than 0.5 % of what is perceived in the whole 380-780 nm range.
Therefore, considering the visible range between 400 and 700 nm (Lienhard 2010),
the visible portion is only 45 % of the solar power, while the NIR accounts for
approximately the 48 %.

Vernacular architectures in Mediterranean and other hot climates rely on white
finishes to reduce summer overheating of buildings (Steen et al. 2003), but this is
not the sole option. In fact, a material can be considered cool if it offers high solar
reflectance (ps) and high thermal emittance (¢) (Levinson et al. 2005a). Therefore, a
“cool” material is able to moderate urban microclimates by decreasing air and
surface temperature when applied over building envelopes, and urban paving sur-
faces, since it can effectively reflect the incident solar radiation given its high solar
reflectance and thermal emittance (Gentle and Smith 2015; Kolokotsa et al. 2013).

The solar reflectance, also referred to as albedo, is the ratio of hemispherically
reflected radiation over the incident radiation, integrated over the solar wavelength
range. It is measured on a scale of 0—1 (or 0—100 %). The thermal emittance is the
measure of the capability of a surface to release the absorbed heat. It represents the
potential of a surface to radiate energy compared with a black body at the same
temperature, and it is measured on a scale from O to 1 (or 0-100 %). The Solar
Reflectance Index (SRI) is an additional indicator for cool materials which com-
bines both pg and ¢. It quantifies how hot a flat surface would get relative to a
reference black (ps = 5 %, € = 90 %) and a standard white surface (ps = 80 %,
e =90 %) (ASTM 2011; LBNL 2015). However, not only white surfaces may be
cool, but also colored surfaces. Some colored materials display higher near-infrared
reflectance than conventional colored materials, with the same visible reflectance
and aspect (Synnefa et al. 2006a, b, 2007). This is possible by replacing standard
pigments with alternative ones weakly absorbing and strongly backscattering in the
near-infrared portion of the solar spectrum (Levinson et al. 2007b), as conventional
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pigments tend to absorb in the NIR. The cool alternatives developed with this
approach would then have the same color, but higher pg than the standard coating or
material. Often, carbon black is used since it is a strong UV absorber, with an
absorption coefficient which decreases exponentially with wavelength (Lindberg
et al. 1993). Cool colors are also useful to preserve the urban landscape and the
cultural heritage, when conservation interventions are needed, with their original
aesthetics (Pisello 2015a).

Non-white NIR-reflective coatings for clay roofing tiles that offer a solar
absorptance reduction ranging between 0.15 and 0.37 can reduce the roof surface
temperature by 5-14 K, namely by approximately 35.5 K per kW m ™2 of incoming
solar radiation, and ceiling heat flux by 13-21 % for typical constructions
(Levinson et al. 2007a). The largest improvement is shown for black tiles, which
exhibit pg equal to 0.04 in their standard version, while equal to 0.41 for their cool
alternative. A comparable performance was found for a variety of architectural cool
colored coatings (Synnefa et al. 2007).

In this panorama, innovative and nanostructured coatings for optimizing build-
ing energy efficiency for cooling currently represent an interesting research
development (Gobakis et al. 2015; Georgakis et al. 2014). The need to investigate
about new materials and technologies for reducing cooling energy uses of buildings
(Karlessi and Santamouris 2015; Pisello et al. 2015a) and to save natural resources
represent the two main motivations discussed in this chapter, where the recent
research contributions about new cool and nanostructured materials are addressed.

More in details, this preliminary section will concern the main background and
motivation of the huge research effort around this issue (Santamouris et al. 2015;
Santamouris 2015). Then, Sect. 9.2 will deal with the analysis of existing materials
already in the market or existing in nature. Section 9.3 will investigate the main
techniques implemented to develop and apply cool materials in different case
studies. Section 9.4 will concern the main cool materials and their experimental
demonstrative applications all around the world, where also their quantitative effect
will be considered for reducing building cooling needs. Section 9.5 will deal with
the innovative recent contributions about nanostructured materials for thermal
barrier applications. Section 9.6 will discuss about the durability of passive cooling
performance of such materials over time. Finally, Sect. 9.7 will mention key
research developments and future potentialities around this research issue.

9.1.1 Motivation

The motivation to study thin films and nanostructured “cool” material solutions is
directly imputable to the fast and massive increase in the urban density and pop-
ulation and the relative modification of urban microclimate and mesoclimate con-
ditions, mainly related to the Urban Heat Island (UHI) effect (Santamouris et al.
2015; Santamouris and Kolokotsa 2015). The large potential of cool materials to
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mitigate UHIs is given by the fact that currently, in the urban fabric, most materials
exhibit low pg, especially asphalt (Kotthaus et al. 2014).

A United Nation study (United Nations 2011) showed how the increase in urban
population is estimated to be around 40 % by 2050, consisting of households
moving from rural to urban areas, exacerbating environmental quality issues in
urban areas already affected by UHIs. In this view, two of the main research efforts
are focused on the (i) development of materials that could effectively counteract the
UHI effect for their passive cooling potential and on the (ii) development of
eco-efficient techniques and technologies aimed at reducing the demand of the
world’s resources. Both these research and technology transfer issues are dealt with
in this chapter, where the most recent investigations about cool materials and
technologies are assessed, by paying dedicated attention to nanobased solutions
currently under development (Chen et al. 2014; Revel et al. 2013). Cool materials
are those materials that are characterized by high pg and high ¢, with the twofold
purpose to reflect solar radiation and to reradiate the previously absorbed heat. The
main benefit of the application of cool materials over buildings’ envelope and urban
paving exposed to the solar radiation is threefold, since cool materials demonstrated
to produce non-negligible effect at several scales (Akbari and Matthews 2012,
Hernandez-Pérez et al. 2014). Firstly, cool materials are able to reduce building
cooling needs and to improve indoor thermal comfort conditions in free-floating
thermal zones located in proximity to the roof, e.g., attics (Carnielo and Zinzi
2013). Secondly, high-albedo surfaces can maximize the amount of solar radiation
that is reflected upwards, namely outside the urban environment, therefore without
contributing to the UHI exacerbation (Ferrari et al. 2015; Rossi et al. 2014).
Thirdly, by applying the same thermal energy balance approach, high-albedo (cool)
surfaces are also able to reduce global overheating and they could be considered a
countermeasure to global warming countermeasure. In fact, their contribution could
be calculated in terms of CO,q offset contribution (Cotana et al. 2014; Bonamente
et al. 2013).

Despite these acknowledged benefits, cool materials are still relatively scarcely
used in real-world applications, mainly due to lack of widespread awareness and
lack of dedicated local regulations encouraging the implementation of these solu-
tions. In fact, most of the regulations, in Europe at least, aimed at optimizing energy
efficiency in buildings are still focused on the heating demand reduction.

9.2 White and Non-white Cool Materials

Several materials that are naturally cool have been used for building finishing and
roofing since centuries, even though their optical-radiative response in the NIR has
been quantitatively characterized only during the last century. Among those, white
and non-white non-engineered cool materials are rutile, calcite, iron oxides, and
chromium oxides.
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9.2.1 White Pigments

Rutile and calcite are two simple examples of white minerals offering high pg
(Fig. 9.1). Rutile, the most common polymorph of titanium dioxide, is commonly
used as a white pigment, as it is widely available and therefore cheap. With an
average particle size of 200 nm in commercial products, it is a strong UV absorber,
while its reflectance is highest at 420 nm, and then monotonically decreasing. More
than 5 million tons of TiO, are used annually worldwide as opacifier or white
pigment (Smithers Apex 2009). It is often referred to as the perfect white thanks to
its excellent coverage capability and opacity, which have led to its introduction as
substitute for toxic lead oxide pigments since early twentieth century. Also the
anatase form of TiO, provides high reflectance.

Calcite exhibits high reflectance in the whole Vis—NIR range. This constituent
provides high opacity and filling effect: for this reason, it is often used as
smaller-particle-size extender in paints and varnishes containing rutile, to reduce
TiO, flocculation, improve its dispersion and therefore decrease the required
amount of white pigment (Stieg 1989). Yet, calcite is stable in neutral to alkaline
environments, but it easily dissolves in acid water (Morse 1983; Morse and
Arvidson 2002)—this is the origin of dripstone caves, formed by the slow disso-
lution of calcareous rocks during ages. As a consequence, it may leach out in case
of repeated acid rains, such as precipitations in polluted urban environments
(Thornbush and Viles 2007).
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9.2.2 Other Pigments

An extensive survey of common pigments used for architectural coatings was
offered by Levinson et al. (2005b), who measured the solar spectral optical prop-
erties for 87 single-pigment films, having thickness between 10 and 37 pum. The
same authors also developed a model, based on the Kubelka—Munk theory
(Kubelka 1948), to compute the solar spectral reflectance of a non-opaque coating
over a generic background of known spectral reflectance.

Iron oxide-based pigments span from brown to red, to yellow hues, depending
on the chemistry of the oxides and hydroxides involved. Fe,O3 and Fe;0,4 provide a
cool version of brown and red pigments, being hematite Fe,O3 mostly used in red
hues, magnetite Fe;O,4 alone as gray pigment and a combination of the two—or the
sole hematite—to produce brown (sienna and umber hues). Yellow hues can be
obtained by using goethite, FeOOH (Diamanti et al. 2013). As a consequence,
among non-white materials commonly used in buildings, terracotta is a good
reflector in the NIR as it contains iron oxides, although it shows low reflectance in
the visible range (Fig. 9.2).

Other heavy metals can also give rise to oxides and complex minerals that can be
included in cool pigments. Concerning chromium, it is possible to list chrome titanate
yellow, a standard component in high-durability systems but with moderate chroma
(Ryan 2013), and modified chromium oxide green (Cr,O5). While chromium oxide
green is the most stable green pigment known, its modified version allows an increase
in NIR reflectance by almost 40 %. Other heavy metal pigments with high NIR
reflectance include cadmium sulfides and sulfoselenides—yellow and orange hues,
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respectively—and nickel titanate: the latter is again a yellow hue, with slightly lower
cool characteristics compared with chrome titanate (Levinson et al. 2005b).

Cool colored materials often have a slightly higher thermal emittance—usually
by approximately 0.02-0.03—than the conventional option, as the high reflectance
in the near infrared does not immediately drop once in the far-infrared range.
However, this slight decrease in the long-wave radiative cooling potential does not
yield to huge differences in surface temperature. For instance, an adiabatic flat roof
with pg equal to 0.80 would have a surface temperature of 44.6 °C with & equal to
0.9 and of 45.3 °C with ¢ equal to 0.8, computed in the conditions defined by
(ASTM 2011).

9.3 Simple Options Available to Develop Cool Materials

In the previous section, a review of available information concerning highly
reflective materials was provided, but to develop a cool surface attention shall be
paid also to other factors, such as the stratification and the surface roughness.

A basic option is the application of a cool topcoat weakly absorbing in the NIR
onto a NIR-reflective basecoat (Brady and Wake 1992). This may be achieved by
means of a one-coat system whether the substrate is already NIR-reflective, or with
a two-coat system, if the substrate is weakly backscattering in the NIR (Levinson
et al. 2007b). Even though the optical response in the visible range is the same, the
absorption and backscattering of the substrate in the NIR influences the NIR
reflectance, and thus pg, of a NIR transmitting coating (Fig. 9.3).
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In addition to the combined response of the coating system and of the substrate,
also the surface roughness strongly influences the overall optical-radiative
response. In fact, many surfaces are rough, and the solar and the spectral reflec-
tances differ from those of a smooth surface of the same material. This is because,
between the cavities, multiple reflections, and scattering occur. Moreover, the total
area of a rough surface is higher than the nominal area (e.g., for a surface made of
hemispheres, the total area is twice the nominal one; in other cases even more);
thus, the reflectance of a rough surface is much lower than that of a smooth surface.
Furthermore, masking and shadowing between the facets may lead to large vari-
ability in reflectance, depending on the radiation incidence angle. However, the
impact of roughness is maximum for intermediate reflectances, and tending to zero
as the reflectance of the flat material tending to O or 1 (Berdahl et al. 2008a).

Moreover, the directional response of a rough surface is somewhere in between
that of a Lambertian (i.e., purely diffusive) and that of a specular (i.e., mirror-like)
material (Lienhard 2010). Therefore, to increase pg of surface, its roughness shall be
reduced. An example is the case of the finish coats for External Thermal Insulation
Composite Systems with rendering (ETICS, in North America referred to as EIFS).
In the recent years, architects were demanding for dark-colored facades made with
finished reinforced mortar on exterior insulation. However, these building envelope
components are very sensitive to thermal shocks and dilatation—contraction cycles
induced by thermal stress (Amaro et al. 2013). Consequently, conventional black
coatings may yield to early failures of ETICS, and reducing the surface roughness,
for instance with a paint onto the finish coat, may further increase the solar
reflectance (Fig. 9.4).
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What discussed concerns the solar range, but a surface, to be considered cool,
shall also exhibit high thermal emittance, namely it shall be able to dissipate heat by
means of radiative cooling in the infrared range of the electromagnetic spectrum (4—
80 um). Most materials present a thermal emittance of the magnitude of 0.9, with the
exception of polished metals, that usually have low thermal emittance, in the range
of 0.05-0.20. However, also metal slates may be cool if a coating thick enough is
applied onto the metal substrate, so that the thermal emittance of the roof surface is
that of the coating and not that of the metal panel (Levinson et al. 2011a, b). Thus, it
is possible to achieve a thermal emittance approaching 0.90 also for metal roofing or
facade elements.

9.4 Applications and Impact of Cool Materials

Among all the strategies proposed for improving building energy efficiency of
buildings and the indoor/outdoor thermal comfort (Santamouris 2014a, b; Coutts
et al. 2013), “cool” solutions represent one of the most suitable and convenient
strategies to mitigate UHIs (Pacheco-Tordal et al. 2011; Akbari and Matthews
2012; Synnefa et al. 2008a, b; Akbari et al. 2009). In fact, they are environmentally
friendly, relatively cost-effective, and can easily be applied over existing buildings
and urban surfaces. These materials can mitigate urban heat islands by decreasing
air and surface temperature when applied over building envelopes, i.e., roofs and
walls, and urban paving surfaces. In this scenario, the following paragraphs concern
a brief review of the main “cool” solutions developed over the last decade to
counteract the urban heat island effect.

9.4.1 Cool Roofs

The building envelope optical and radiative properties are crucial in determining the
thermal energy performance of a building, especially during the summer season,
when solar gains though both facades and roofs strongly affect the energy demand
(Zinzi et al. 2012; Hosseini et al. 2015).

In this panorama, cool roofs represent a suitable passive system to improve
building indoor thermal comfort conditions, reduce heat loads for air-conditioning,
decrease the energy consumption, and CO, released into the atmosphere at urban
scale. Cool roofs are indeed demonstrated to reduce surface temperatures up to
37.8 °C and peak summer cooling energy demand up to 15 % (Energy Star 2015;
Chung et al. 2015) (Fig. 9.5).

Arumugam et al. (2015), for instance, studied the thermal energy benefits
deriving from the surface treatment and thermal property modification of several
roof combinations in five climate zones in India.
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Fig. 9.5 Annual cooling energy of an existing detached house in Seoul, Korea (Chung et al.
2015). a Total cooling energy, b sensible and latent cooling energy

Akbari et al. (2005) demonstrated that a cool roof may reduce the peak surface
temperature by 33-42 °C of commercial buildings in California, with 50 % mon-
itored daily average cooling energy savings, just increasing the albedo from 0.21 to
0.80. They also documented cooling savings after the retrofit with cool roofs for
buildings in California, Florida, Georgia, Nevada, and Texas.

Cheng et al. (2005) experimented with test cells a maximum air temperature
discrepancy of about 12 °C between the black and the white cell, for lightweight
construction in a hot and humid climate. Nevertheless, the potency of cool roofs to
decrease the building energy uses and peak power demand has been demonstrated
also in cold climates. In fact, Hosseini and Akbari (2015) demonstrated that cool
roofs can reduce the peak electric demand of the retail buildings up to 1.9 and
5.4 W/m® in Toronto and Montreal, respectively (Fig. 9.6).
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Fig. 9.6 Annual savings ($/100 m?) of cool roofs with and without the effect of snow for the new
buildings with all-electric HVAC systems (Hosseini and Akbari 2015)

Both white and light-colored roofs can be listed as cool roofing systems and
represent a suitable alternative to metal roofing solutions usually characterized by
high & but low pg (Synnefa et al. 2006a, b).

Cool roof products can be distinguished in cool coatings, single-ply roofing
systems, tiles, asphalt shingles, light-colored roofs, modified bitumen roofs, and
metal roofs. Furthermore, cool roofs can be classified as (i) low-slope or flat roofs
and (ii) steep-slope roofs. While different types of coatings and membranes are
usually applied over low-sloped or flat roofs, the most commonly roofing materials
applied over the second category of roofs, i.e., steep-slope roofs, are represented by
ceramic or natural stone tiles, shingles, and metal systems.

Cool coatings usually applied over low-sloped and flat roofs are mainly repre-
sented by (i) elastomeric and cementitious coatings and (ii) water-based or
solvent-based coatings. Additionally, they can be white, aluminum-based, and cool
colored coatings depending on their pg and . White coatings are mainly composed
by acrylic polymers and a white pigment to enhance their pg, usually the rutile form
of titanium dioxide or zinc oxide. These coatings are usually characterized by pg
ranging between 70 and 85 %. A 19.3 % energy saving due to the application of an
innovative white polyurethane-based coating on a typical commercial building in
central Italy was found compared to a more traditional dark-colored bitumen
membrane (Pisello et al. 2014, 2015a) (Fig. 9.7).
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Fig. 9.7 Comparison between four roof scenarios in terms of primary energy requirement. Tile A
represents the natural uncoated clay tile; Tile B is coated with titanium dioxide engobe and with a
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topcoat, where the binder is a self-made sodium silicate-based binder in water (Pisello et al. 2015a)

Aluminum-based coatings are usually composed by an asphalt-type resin con-
taining “leafing” aluminum flakes. Therefore, the upper layer is an aluminum layer,
which protects the asphalt from the sun’s ultraviolet rays. The aluminum flakes
enhance pg up to more than 50 % (LBNL 2015; Synnefa et al. 2006a, b). A recent
research evaluated the potential energy saving deriving from thermochromics and
phase change materials (PCM)-doped infrared reflective coatings (Karlessi and
Santamouris 2013). Comparative tests proved that PCM-doped infrared reflective
coatings present lower surface temperatures than cool and common coatings of the
same color.

With reference to steeped-slope roofs, terracotta ceramic tiles, light-colored
concrete, and clay tiles represent one of the main cool roofing solutions. Such
roofing systems are detected to have reflectance values between a minimum of 2 %
(ceramic and gray concrete tiles) and a maximum of 75 % (white-colored tiles). In
this panorama, innovative cool clay tiles characterized by ¢ equal to 89 % and pg
equal to 77 % were developed by Pisello and Cotana (2014). The continuous
monitoring of the thermal energy performance of such original solution when
applied over the roof of a typical Italian residential building showed a decrease in
the summer peak indoor overheating of 4-7 °C (Fig. 9.8). The same authors
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Fig. 9.8 Monthly average overheating values of external-internal surface of the roof (Pisello and
Cotana 2014)
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Fig. 9.9 Monthly average in-field albedo of the five gravel samples, from the greatest grain size
(“1”) to the smallest grain size (“4”) (Castaldo et al. 2015)

proposed a new cool clay tile with similar visual appearance of traditional tiles
suitable for application in historical areas (Pisello et al. 2013, Pisello 2015a). The
newly developed tile reaches up to solar reflectance values of 87 %.

Another typical cool, natural, low-cost, and low-impact solution for
steeped-slope roofs application is represented by shingles and aggregates. Levinson
et al. (2014) proposed and validated three new methods for measuring roofing
aggregates albedo with irregular surfaces, by testing 17 different specimens.
Additionally, Castaldo et al. (2015) demonstrated that albedo of natural gravels
have albedos that decrease with increasing grain size (Fig. 9.9).

Finally, metal roof systems are usually produced starting from galvanized steel
or aluminum. Metal roofing can be classified into (i) corrugated, (ii) standing-seam,
and (iii) with a 3D-profile. A preapplied coating is needed in order to avoid cor-
rosion and improve the durability. There are several shapes available for metal roof
elements, such as sheets, trims, and ridge material. White painted metal roof can
reach an average pgs of 70 % and ¢ up to 90 %.

9.4.2 Cool Walls

The use of cool solutions for the vertical building envelope, i.e., building walls,
appears to be slightly less investigated if compared to cool roofing systems. This is
motivated by the fact that the incident solar radiation on a vertical surface is less
than that on a horizontal or almost horizontal surface, i.e., roof; therefore, the
impact on building thermal energy performance is slightly reduced. Yet, the thermal
benefits deriving from a cool fagade are worthy being studied, as the use of cool
materials on building facades can lead up to 50 % reduction of heat flux through the
building envelope (Revel et al. 2014a) (Fig. 9.10).

Therefore, highly reflective paints have a huge potential in terms of passive
cooling, as they can significantly reduce solar heat gains, improve thermal comfort,
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Fig. 9.10 Comparison of peak heat flux and wall temperature measured on mock-ups covered
with standard (black) and cool (light gray) coatings. The left column refers to thermal parameters
measured on the south walls of mock-ups #1 and #2 covered with standard and cool fagade tiles.
The right column reports the same parameters measured on the roof of mock-ups #3 and #4 for
standard and cool membranes. Each histogram is shown together with a plot of the peak difference
(solid line) and the 5 % and 95 % percentile (dashed line) (Revel et al., 2014a)

and building energy efficiency during summer. Moreover, for tall and very tall
buildings the incident solar radiation on walls may be the largest fraction of the total
amount of the solar radiation incident on the building envelope.
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Fig. 9.11 Surface temperature measurements of mineral-based samples estimated by infrared
thermography (Kolokotsa et al. 2012)

Commercially available cool materials for walls include mainly reflective
coatings, ceramic tiles, and acrylic paints. The passive cooling capabilities of such
cool materials suitable for both roof and facades applications have been widely
investigated over the past few years. Surface temperature differences up to 11 °C
between a conventional and a white reflective paint were detected with in-field
measurements performed on a prototype building (Luis et al. 2015). Additionally,
the suitability of mineral-based coatings as passive solar technique contributing to
buildings’ energy efficiency was investigated by Kolokotsa et al. (2012) (Fig. 9.11).

This analysis confirms how cool painting applied on buildings’ facade has a
non-negligible role in reducing summer heat gains. Pisello et al. (2015b) assessed
the role of a cool facade with respect to a cool roof by performing a sensitivity
analysis. It was demonstrated that, even if the contribution of the cool roof is
decisive for the enhancement of the indoor thermal comfort conditions in terms of
operative temperature, the role of the cool fagade painting is not negligible in terms
of building wall surface temperature reduction (i.e., 25 %).

Synnefa et al. (2006a, b) performed a comparative analysis on 14 different
reflective coatings to investigate their capability to lower both the exterior surface
temperatures of buildings and ambient air temperatures by means of sensors and
infrared thermography. A reduction of 4 and 2 °C of the surface temperature of a
white concrete tile was detected under hot summer conditions and during the night,
respectively.
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Fig. 9.12 Heating penalties (red histogram), cooling savings (blue histogram), total energy
penalties/savings (green histogram) achieved implementing the cool facade technology (Zinzi
et al. 2015)

A cool pigmented paint for masonry walls was characterized by Zinzi (2015),
who computed that the cool facade provided 5 % global energy savings a typical
Italian residential building (Fig. 9.12). Additionally, 6 and 1.6 °C reductions of the
peak external surface temperatures and indoor operative temperature, respectively,
were also computed with dynamic simulations.

Dias et al. (2014) modeled the energy uses of a residential building with cool
(ps =92 %) and standard paint (ps = 50 %) and reported a 2 °C indoor temperature
reduction for the ground floor during peak summer conditions.

Innovative cool colored ceramic tiles and acrylic paints for fagades have been
developed and tested at laboratory scale by Revel et al. (2014b). An increase up to
40 % of the solar reflectance was achieved in the near-infrared range while main-
taining the dark color and high absorbance in the visible. The thermal impact of
different cool facade coatings characterized by 42 and 62 % was investigated and
compared by Shen et al. (2011) to a standard coating with solar reflectance of 32 %.
The results showed a reduction up to 20 and 4.7 °C of the exterior and interior
surface temperatures with respect to the same wall assembly with a standard coating.

A cool fagade can generate a positive thermal energy effect also at urban scale,
as it is able to reduce for instance the heat accumulated inside urban canyons. The
use of cool coatings applied on pavements and walls inside a urban canyon can
indeed decrease up to 8 and 3 °C the ground surface temperature and walls’ surface
temperature, respectively (Georgakis et al. 2014) (Fig. 9.13).

Moreover, the comparison between temperatures of a street canyon with brown
cool selective paint fagades and with a standard brown coating performed in France
by (Doya et al. 2012) showed that the cool selective facade paint led to a 1.5 and
2.5 °C reduction of peak surface temperatures and indoor air temperature,
respectively.
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Fig. 9.13 Surface temperature measurements and calculated values for different coatings, at 13:00
L.T. (Georgakis et al. 2014)

9.4.3 Cool Shading Devices

While cool roofing and paving solutions have been largely studied by means of both
experimental and numerical approaches (Synnefa et al. 2012; Santamouris et al.
2012), the role of high-albedo fagades still needs to be deeply evaluated. In partic-
ular, the effect of cool shading systems on building thermal energy performance was
detected to be non-negligible. In fact, solar shading devices have an important impact
on the temperature trends of the adjacent layers, on yearly energy consumptions, on
indoor thermal comfort, as well as on the level of the natural light depending on their
geometry, optical-thermal properties, and permeability. Therefore, a proper shading
system must be selected not just to control solar heat gains through the building
envelope. In fact, the management, the visual comfort, and the acoustic performance
must be taken into account too.

An accurate description and evaluation of the main typologies of solar control
systems in different climatic locations (Berlin, Milan, Florence, and Athens) is
provided by Carletti et al. (2014) (Fig. 9.14).

The thermal behavior of the shadings was also assessed by means of the dynamic
simulation tool EnergyPlus. It was demonstrated that the use of shading devices as
passive control systems leads to improved thermal sensation during summer and
reduced thermal loads for air-conditioning. In this respect, Pisello (2015b) evaluated
the thermal energy performance of cool louvers of shutters compared to dark-colored
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Fig. 9.14 Reduction factor of summer solar gains Fs for different shading systems selected for the
four locations, relatively to south orientation (Carletti et al. 2014)

traditional shading systems. An increase of 75 % of the solar reflectance in the cool
shutters lead to a decrease up to 2 °C of the indoor air temperature in free-floating
conditions. A corresponding energy saving of 25 % was found. Additionally, Zinzi
etal. (2012) studied the effect of cool coatings applied over window shading systems
demonstrating how this solution could produce up to 7.1 % net cooling energy
saving in summer, by reducing the solar gain entering the window.

Stazi et al. (2014) performed an experimental and analytical comparative study
of sliding perforated panels, ventilated double-glazed window, aluminum horizontal
louvers, aluminum persiana, and traditional wooden persiana to evaluate the per-
formance of the different shadings in a Mediterranean climate in terms of thermal
comfort, day lighting, and environmental impact. It was demonstrated that the
wooden solution may provide a good compromise and that the aluminum louver
screen is suitable as it allows to set different shading configurations given the
movable slats.

The effect of highly reflective systems is significant also in reducing the energy
consumption for artificial lighting. Hashemi (2014), for instance, carefully analyzed
the effect of internal reflective louvers for office buildings with a focus on the role of
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such shading systems on daylighting. The results showed how the system could
reduce by 60 % the need for artificial lighting.

9.4.4 Cool Paving Materials

Paved surfaces, such as roads, squares, play a significant role in determining urban
heat island effect, given their contribution to the overheating of the air close to the
surface by storing heat during the day and releasing it at night. Standard paving
materials can reach surface temperatures up to 48—67 °C, due to the typically very
low solar reflectance of these materials (Santamouris 2014a, b; Santamouris et al.
2007; Doulos et al. 2001; Synnefa et al. 2008a, b). For instance, the common black
asphalt concrete has solar reflectance equal to 0.04-0.06. It is demonstrated that by
increasing pavements’ solar reflectance by only 25 % a reduction of 10 °C of the
surface temperature can be achieved. Increasing the albedo of a paved surface
generates the reduction of convection of heat to air by consequently lowering the
ambient air temperature. This phenomenon leads to reduced building energy con-
sumption and urban smog generation rate. Therefore, high-albedo urban pavements
represent a good and cost-effective solution to fight urban heat island phenomenon,
as they generate less absorption of incident solar radiation by decreasing green-
house gas concentrations both at local and global scale (Akbari et al., 2009).
Furthermore, lower pavement surface temperatures positively affect the durability
of paving materials.

To make a street pavement “cool,” it is possible to (i) increase its solar reflectance,
(ii) increase its permeability, and (iii) create a composite structure, which emits less
heat at night (EPA 2015). Ongoing research mainly focuses on white paints for
paving systems, infrared-colored paints, the same infrared-colored paints to cover
aggregates, and also peculiar color-changing paints (Santamouris 2013). Therefore,
the main cool pavement technologies are represented by (i) light-colored aggregates;
(ii) permeable pavement, i.e., shingle and gravels; and (ii) solar-reflective finishing.
Of course, the optimal solution depends on the specific configuration and local
climate conditions of the location, which influences the thermal performance of cool
materials when applied over urban paving surfaces (Chen et al. 2009). Compared to
cool roofs, cool coatings for paving materials do not respond only to the necessity of
presenting high solar reflectance and thermal emittance, but have to comply also
with the characteristics of a pavement coating. Therefore, they must include a
reflective inorganic finishing, non-organic fillers, and antiskid aggregates. The
inorganic fillers influence the color and the roughness of the pavement surface.
Nevertheless, cool pavements are demonstrated to be as effective as cool roof
materials in mitigating urban heat island by reducing urban surfaces’ albedo. It was
estimated that the use of cool paving materials to cover 4500 m? of reflective
pavements in an urban park in the greater Athens area leads to a reduction of 1.9 and
12 K of the peak ambient temperature and surface temperature, respectively, during a
typical summer day (Santamouris et al. 2012) (Fig. 9.15).
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Fig. 9.15 Surface temperature of the cool shaded (AROI), the conventional non-shaded (AR02),
and the cool non-shaded pavement (AR03) (Santamouris et al. 2012)

Among the main organic polymers suitable for being used as cool coatings for
pavements, it is possible to identify epoxy resins and acrylic polymers, which
contribute to the chemical and mechanical stability of the material. The inorganic
polymeric fillers are used to increase the solar reflectance of the material. In the case
of cool paving materials, mostly NIR-reflective pigments are used in order to avoid
glare issues to walking or driving people. Synnefa et al. (2011) found out a 12 °C
decrease in the pavement surface temperature by comparing a traditional
dark-colored asphalt with cool colored coated asphalts. Furthermore, a 17 to 5 °C
decrease of the pavement surface temperature was reported by Wan et al. (2012), by
comparing an innovative cool coating with high NIR reflectance, i.e., 81 % with the
traditional asphalt and cement, respectively.

The most diffuse aggregates for paving applications are represented by porcelain
and silica sand, which do not have a very high solar reflectance but can be effective
in reducing surface temperatures when integrated into concrete cement. Levinson
and Akbari (2002) provide detailed data about albedo of several Portland cement
concrete pavements, by characterizing 32 different composition mixes.

An increase of albedo from to 37 to 91 % was achieved by repaving a courtyard
in Michigan (USA) with a white-colored aggregate, yielding to a mean radiant air
temperature decrease of about 1.3 °C (Taleghani et al. 2014). In the same scenario,
innovative gravels for pavement applications were proposed by Pisello et al. (2014,
2015a) as an original natural, low-cost, low-impact, and highly reflective material
suitable for paving applications (Fig. 9.16).

It was demonstrated that the gravels albedo increases with the decrease of the
gravels grain size. Also, Berdhal et al. (2008a) evaluated the solar reflectance of
innovative cool asphalt roofing shingles covered with pigmented mineral roofing
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Fig. 9.16 Maximum surface temperature difference between gravels with different grain sizes and
the same natural origin, calculated in the monthly average day. Gravel “I” presents the greatest
grain size and gravel “4” has the smallest grain size (Castaldo et al. 2015)

granules. The use of reflective base grains coupled with reflective coatings increased
the solar reflectance.

9.5 Nanostructured Materials as Thermal Barrier
Coatings for Thermal Energy Storage

As previously mentioned, the development of new sustainable cities with widespread
application of cool surfaces has been proposed as a countermeasure against UHIs
(Synnefa et al. 2007). Considerable interest has been dedicated to roofing materials
and, in this context, basic nanostructured materials and composites or nanocom-
posites, characterized by different specific properties have been recently considered
(Comite et al. 2015). For instance, adding additives like nanoparticles, nanofluids,
pigments, or adopting a nanocomposite approach, not only improves the appearance
of the coatings, but also helps to improve many properties of the coatings such as UV
resistance, corrosion resistance, and mechanical properties like resistance to scratch
and abrasion. To achieve the highest possible thermal insulation resistance, in fact,
new insulation materials and other solutions have been and are being developed, in
addition to using the current traditional insulation materials. A brief overview on the
most recent nanostructured materials used as potential thermal barrier coatings for
thermal energy storage will be the focus of this section. In this context, many
materials are available which often fall under the following types:

e Organic materials,
e Inorganic materials,
e Metallic or metallized reflective membranes.

According to Guo et al.’s study, the heat-reflective insulation coating could
reduce the exterior wall surface temperature effectively, and the maximum tem-
perature change is about 8—10 °C (Guo et al. 2012). Jose et al. found that new type of
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pigments, Y,BaCuOs and lanthanum-—strontium copper silicates, not only possess
high chemical and thermal stability, but also have high near-infrared reflectance
(61 % at 1100 nm) (Jose et al. 2014). As previously mentioned (Sect. 9.2), con-
ventional inorganic pigments are mainly composed of metal oxides, such as chro-
mium green, cobalt blue, cadmium stannate, lead chromate, cadmium yellow, and
chrome titanate yellow. Yet, most of them are detrimental to human health and
external environment and therefore are strictly controlled by government legislation
and regulations in many countries (Zhao et al. 2015). A large number of
rare-earth-based NIR-reflective pigments are proposed as alternatives to traditional
transition metal oxides pigments because of their low toxicity. In this context, Zhao
et al., recently reported about the synthesis of NIR reflecting inorganic nanopigments
Y6-,Nd,MoO, (x ranges from 0 to 1.0) via sol-gel, investigating also the crystalline
temperature, the chromaticity, near-infrared reflective properties, and thermal and
chemical stability of the novel proposed (Zhao et al. 2015). The authors proved that
the novel environment-friendly near-infrared reflective nanopigments with particle
size less than 100 nm exhibited a reflectance exceeding 97 % within the spectral
range 1000—1500 nm. The pigments were also thermally and chemically stable, thus
making them excellent candidates for use as cool pigments. Moreover, Wang and
Mingfeng 2014) recently reported about the possibility to use a coprecipitation
method to prepare Fe** doped with KZn,_(Fe),PO, considering the influences of
the doping content on the structure, color, and near-infrared reflective properties of
the material. They proved that KZn,_(Fe), PO, pigments can be well served as “cool
colorant.” The results showed, in fact, that after doping with Fe®*, the crystal
structure of KZnPO, did not change. Furthermore, while the color of the sample
deepened with the increasing concentration of Fe**, the band gap decreased from
2.00 eV to 1.95 eV, and the near-infrared reflectance was reduced from 74.7 to
67.1 %. Finally, for the aluminum sheet coated with KZn o(Fe)q PO, pigment, with
coating thickness of 312 pum, the near-infrared reflectance could reach 46.7 %,
higher than the reflectance of conventional pigments of similar color (32.1 %) (Wang
and Mingfeng 2014). Always in this context, a reflective heat insulation coating was
prepared using a geopolymer, which mainly consisted of sodium silicate solutions
and metakaolin, by Zhang and coworkers (Zhang et al. 2015). The authors proposed
a new, environmentally friendly inorganic coating with many capabilities, such as
good water retention, simple spraying, compacted paint, high durability, dirt resis-
tance, high reflectivity, and remarkable heat insulation. The results indicate a tita-
nium dioxide content of approximately 12 and 6 % hollow glass microspheres
provided a coating with a reflectance exceeding 90 % and thermal insulation per-
formance (internal and external surface temperature difference) of up to 24 °C.
Furthermore, in recent years, pigments of different colors with cool properties
have been commercialized. The color features of pigment materials (one or more)
depend on their visible absorption, on their size (which varies scattering properties),
and on their composition (Thongkanluang et al. 2010). To tune the color of a
material, pigments with different chemical compositions are used. Demarchis et al.
(2015) used two different synthesis methodologies to produce red cubic and
spherical hematite cool pigments of different particle size. Cubic and spherical
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particles with larger particle sizes were obtained through a gel-sol method using
chloride and nitrilotriacetate ions as shape controllers, and changing the starting
temperature to control the final particle size. Smaller spherical particles were syn-
thesized more rapidly following a catalytic phase transformation method in which
the size control is obtained by varying the reagent concentration. The authors
proved that the cool properties differ depending on the particle size and shape
(Demarchis et al. 2015).

In the last 20 years, waterborne coatings have also gained increasing importance
due to strict environmental regulations on the emission of volatile organic com-
pounds from solvent-borne coatings. To maintain constant product quality and to
develop new products, structural characterization and measurement of barrier
properties of these new coatings has become crucial. Waterborne coatings usually
contain different additives and an appropriate choice among various alternatives of
these additives brings a challenge to both manufacturers and researchers.

The great chemical stability of Al,O;3 at elevated temperatures makes it a par-
ticularly attractive material for wear-resistant coatings. Furthermore, the relatively
small thermal conductivity of Al,O; at high temperatures will provide more
effective thermal protection for the substrate (Comite et al. 2015). Recently, Comite
et al. reported about the effect of the addition of high surface area Al,O3 as pigment
on the performance of waterborne coatings, in particularly regarding the barrier
properties and the thermal resistance. Compared to conventional layers, the new
buildings’ coatings developed by Comite et al. are environmentally preferable,
non-solvent based, and energy efficient. The authors proved that the introduction of
v-alumina microparticles, with peculiar high surface area, in waterborne paint
formulation, allows to obtain interesting textural layer and due to both the high
surface area of particles and the presence of interstitial cavities in the thin film, the
product seems to be very interesting as insulation material (Comite et al. 2015).
Furthermore, Chieruzzi et al., proved the effect of silica (Si0,), alumina (Al,O3),
titania (TiO,), and a mix of silica—alumina (SiO,—Al,03) nanoparticles in different
nanofluids with phase change behavior. The formulations were developed by
mixing a molten salt-based fluid (selected as phase change material) with the dif-
ferent selected nanoparticles using the direct-synthesis method. The authors proved
that the proposed nanofluids can be used in concentrating solar plants with a
reduction of storage material if an improvement in the specific heat is achieved. In
particular, the research demonstrated that the addition of silica—alumina nanopar-
ticles has a significant potential for enhancing the thermal storage characteristics of
the NaNO3;—KNOj; binary salt (Chieruzzi et al. 2013), while SEM images clearly
suggested a higher interaction between the SiO,—Al,0O3 nanoparticles and the salt
especially with 1.0 wt% of nanoparticles. Always in this context, the nanoenhanced
PCMs (NePCMs) were recently proposed by Khodadadi and Hosseinizadeh (2007),
for improving thermal energy storage by increasing heat conductivity. It was
noteworthy that nanoparticles had been formerly utilized, to develop advanced heat
transfer fluids, i.e., nanofluids (Gao et al. 2009). Recently, Parameshwaran et al.
studied new organic ester PCMs embedded with the silver—titania hybrid
nanocomposite (HyNPCM) with mass proportions ranging from 0.1 to 1.5 %
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Fig. 9.17 FESEM images (a and b) of Ag-TiO, HyNC, and TEM image (c) of Ag-TiO, HyNC
dispersed in the organic ester PCM (Parameshwaran et al. 2014)

(Parameshwaran et al. 2014). Spherical nanocomposite particles of size ranging
between 60 and 98 nm, which essentially comprised of the silver nanoparticles
adsorbed over the surface of chain-like-structured titania nanoparticles dispersed in
PCM, were considered in this work (Fig. 9.17).

The HyYNPCM embedded with the surface-functionalized hybrid nanocomposite
exhibited improved thermal conductivity from 0.286 to 0.538 W m ™' K™, congruent
phase change temperature (6.8 °C), high latent heat capacity (90.81 kJ kg™ "), sub-
stantial reduction in the supercooling degree (1.82 °C), thermal stability (191 °C),
and chemical stability, as compared to the pure PCM. Experimental results reveal
that, the freezing and the melting times of the HyNPCM were reduced by 23.9 and
8.5 % respectively, when compared to the pure PCM. The authors demonstrated that
the improved thermal properties and the heat storage potential of the HyNPCM has
facilitated them to be considered as a viable candidate for the cool thermal energy
storage applications in buildings without sacrificing the energy efficiency
(Parameshwaran et al. 2014).
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9.6 Performance Over Time of Cool Materials

Although efforts are being made to improve the optical-radiative properties of cool
materials, any assessment on pristine samples is not sufficient, as aging, namely the
complex of weathering, soiling, and biological growth may strongly affect the
performance over time of such materials (Sleiman et al. 2011; Kiiltlir and Tiirkeri
2012).

When exposed to the outdoor environment, materials with high initial pg (e.g.,
greater than 0.6) tend to lose reflectance with time, while materials with low initial
ps (e.g., less than 0.3) tend to experience an increase with aging. Materials that
exhibit intermediate values, instead, are almost unchanged (Sleiman et al. 2011).
The thermal emittance of metal increases with time (e.g., from 0.2 to approximately
0.4), while that of nonmetallic surfaces in most cases is slightly altered (Cool Roof
Rating Council 2015).

The main aging actions induced by environmental agents that contribute to the
alteration of the optical-radiative response can be identified as follows (Wypych
1995; Berdahl et al. 2002, 2008b, 2012):

e Mechanical stress induced by sunlight and temperature variations, as well as by
wind, repeated in cycles of dilatation—contraction or thermal shocks due to
sudden variations (Daniotti et al. 2013, 2014);

Photodegradation of polymers and other organic materials;

Moisture (including rain, hail, snow, frost, and dew);

Atmospheric gases and pollutants;

Soiling (Ichinose et al. 2009);

Biological growth (Shirakawa et al. 2014).

In fact, heat fluctuation can accelerate chemical reactions, moisture can cause
damage to materials by both physical and chemical processes, air pollutants can
cause chemical reactions with atmospheric oxygen, and water vapor can provoke
the formation of oxides and hydroxides on materials resulting in a decrease of their
solar reflectance. Additionally, the growth of fungi on materials due to moisture or
the deposition of organic substances can also alter the optical properties of mate-
rials. Rain represents the only external agent which could contribute to the cleaning
of surfaces from dust deposition by restoring solar reflectance and infrared emit-
tance values of cool materials. However, rain can lead also to the deposition of
atmospheric pollutants or soil on cool surfaces.

In particular, for roofing materials with initial pg greater than 0.80, weathering
and soiling might yield to a mean absolute loss of about 0.16 (average maximum of
0.24) after three years of natural exposure at low or moderately polluted non-urban
or suburban sites (Sleiman et al. 2011). In the polluted metropolitan areas of Rome
and Milano, roofing membranes with initial pg equal to 0.80 get, respectively, to
0.63 and 0.56 after two years of natural exposure (Paolini et al. 2014b).

If for highly reflective roofing membranes relevant variations occur already
during the first months, for fagade materials, given the vertical exposure, the first
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months mainly provide information about color change, with modest losses of pg
(Diamanti et al. 2013). However, even though it takes several years for the solar
reflectance of high-albedo fagades to get to a steady value, already after 1.5 years,
weathering and soiling may induce a loss of approximately 0.15 with an initial pg of
0.73 (Paolini et al. 2014a).

Cleaning procedures to restore the initial reflectance were studied in the litera-
ture, but these were found ineffective for porous materials (Ferrari et al. 2014), or
effective only introducing bleaching for white PVC membranes (Levinson et al.
2005c¢).

For these reasons, several options appear as promising to retain as much as
possible the initial solar reflectance and solar emittance. These include as follows:

e Self-cleaning anatase added photocatalytic materials (Ganesh et al. 2011;
Graziani et al. 2013, 2014; Diamanti and Pedeferri 2013);

e Fluoropolymers such as PVDF (Berdahl et al. 2008b) and ETFE (Mainini et al.
2014);

e NIR-reflective materials. In fact, the absorption coefficient has an exponential
trend decreasing with increasing wavelength (Lindberg et al. 1993; Kirchstetter
and Novakov 2007), and also the effects of UV aging are evident mainly at short
wavelengths. Therefore, between two materials with the same solar reflectance,
one reflecting more in the visible, and another one more in the near-infrared, the
latter is less subject to reflectance losses with time (Paolini et al. 2014b);

e Smooth finishing and tilt. Very smooth materials (such as glass or ceramic)
when installed steep sloped show losses in reflectance in coincidence with
specific events of soil deposition (e.g., airborne sand), but are more easily
rain-washed almost recovering the initial reflectance. When exposed low sloped,
instead, they do not exhibit a very different behavior from that of rougher
materials (Paolini et al. 2014b);

e The absence of plasticizers that may reach the surface, or decoupling of the
surface from those substances. Plasticizers that migrate to the surface are
believed to be one of the major reasons that yield to the loss in solar reflectance
of roofing membranes, as they become sticky and favor the adhesion of par-
ticulate matter to the surface (Miller et al. 2004);

e Construction details. As the performance of a cool material in use conditions is
that of the whole building, one of the most relevant aspects is the care paid to
design the building envelope so as to avoid ponding water (especially on flat
roofs), obstruction of drains, and in general accumulation of dirt and leaves.

Some standards and methods were already been detected to experimentally
determine the degradation level of materials based mainly on the continuous
monitoring of the properties after the exposition of the materials to the outdoor
environment (ASTM 2003; Jacques 2000).

As natural exposure programs take several years to provide an answer, an
accelerated weathering and soiling protocol was developed to reproduce the impact
of three years natural exposure in the USA of roofing materials (Sleiman et al.
2014; ASTM 2015), and its application was later extended to European urban areas
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and to facade materials (Paolini et al. 2014a). These may foster the development of
new cool material with enhanced performance over time. However, the full com-
plex of agents inducing changes in solar reflectance of porous materials appears to
need further investigation, and other relevant mechanisms such as biological growth
and freeze—thaw shall be introduced in such accelerated protocols.

9.7 Future Trends

The Achilles’ heel of the “cool” strategies described in the previous sections is
durability. In fact, the thermal—optical and radiative properties of cool materials,
i.e., solar reflectance and infrared emittance, as previously mentioned, change over
time due to the action of external agents and to the exposure to ambient and weather
conditions (Synnefa et al. 2006a, b). For this reason, future trends of the research in
the field of cool materials to fight urban heat island are mainly focused on the
analysis of how the thermal energy performance of such solutions can be deteri-
orated over time. More specific research effort is still required on the side of
durability assessment and natural and accelerated protocols.

Another important future development of the international research about cool
materials is represented by the development of technologies for the use of nano-
materials for improving the passive cooling potential (Escribano and Keraben
Grupo 2010-2013). In fact, the use of nanotechnology for integration in cool
materials is still scarcely diffused. However, it has a great potential in the devel-
opment of eco-efficient construction technologies, especially in the form of films
and nanostructured coatings (Pacheco-Tordal et al. 2013). For instance, the
potential of PCMs as latent heat storage materials when integrated in building
envelopes has already been proved (Ferrer et al. 2015; De Gracia and Cabeza 2015).
Therefore, the performance of such materials as cool products when included into
cool roofing, facade, and paving systems must now be investigated in terms of both
energy savings and indoor—outdoor microclimate enhancement. Additionally, future
trends are detected toward the development of innovative and cost-effective tech-
nologies for the production of PCM-doped reflective coatings.

9.8 Conclusions

This chapter has provided a wide panorama around building physics and material
science point of view for looking at innovative materials for building energy effi-
ciency characterized by high passive cooling capability. In particular, the threefold
benefit of cool surfaces has been presented and several applications at material and
building scale were dealt with. Finally, the performance during the course of the
time was discussed, and key recent and promising applications of nanoscience and
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nanoengineering in this field were presented by showing the great potential of
nanotech-based cool materials for building energy efficiency.

A literature review has been carried out, with the main objective to make the
reader aware of specific applications and new trends in the field of high-albedo
passive cooling and protective strategies in constructions.
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Chapter 10
Performance of Semi-transparent
Photovoltaic Facades

L. Olivieri

Abstract This chapter shows the potential of the architectural integration of
semi-transparent photovoltaic (STPV) systems for improving the energy efficiency
of buildings. The research presented focuses on developing a methodology able to
quantify the building energy demand reduction provided by these novel construc-
tive solutions. At the same time, the design parameters of the STPV solution are
analyzed to establish which of them have the greatest impact on the global energy
balance of the building, and therefore which have to be carefully defined in order to
optimize the building operation. In summary, this work contributes to the under-
standing of the interaction between STPV systems and buildings, providing both
components manufacturers and construction technicians, valuable information on
the energy-saving potential of these new construction systems and defining the
appropriate design parameters to achieve efficient solutions in both new and ret-
rofitting projects.

Acronyms

10 STPV element with a normal visible transmittance of about 10 %
20 STPV element with a normal visible transmittance of about 20 %
30 STPV element with a normal visible transmittance of about 30 %
40 STPV element with a normal visible transmittance of about 40 %
a-Si Amorphous silicon

BAPV Building added/adopted/attached photovoltaic

BIPV Building-integrated photovoltaic

BOE Boletin Oficial del Estado—Official Bulletin of the State

CED Cooling energy demand

CENELEC European Commission for Electrotechnical Standardization

CMP Commercialization margin price

6(0) Coefficient of performance

c-Si Crystalline silicon
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CTE Spanish technical building code

DGI Daylighting glare index

EBI Energy balance index

EPC Electricity production cost

g-value Solar factor

HED Heating energy demand

HVAC Heating, ventilating, and air conditioning
IEA International energy agency

IEA-SHC IEA-Solar Heating and Cooling Program
IGDB International glazing database

LBNL Lawrence Berkeley National Laboratory
LED Lighting energy demand

NIR Near infrared

NPV Net present value

PEG Photovoltaic energy generation

PV Photovoltaic

RG Reference glass

SHGC Solar heat gain coefficient

STC Standard test condition

STPV Semi-transparent photovoltaic

uv Ultraviolet

U-value Thermal transmittance

Vis Visible

WWR Window-to-wall ratio

10.1 Introduction

Within the general framework of studying the possibilities of incorporating the
photovoltaic technology into the urban fabric and more precisely in the envelope of
the buildings, the discipline that deals with the replacement of traditional passive
construction elements with active components (Building-Integrated Photovoltaic,
BIPV) is relatively recently and is attracting increasing attention due to several
factors, including:

e The growing interest in improving the efficiency of buildings and maximizing
the local energy generation, as suggested by the European Directive 2010/31
(European Commission 2010) which states that from January 2021 all newly
constructed buildings have to be “nearly zero energy buildings”;

e The growing interest for a progressive change of paradigm in the generation of
electricity, from the present centralized system to a distributed approach,
characterized by a significantly higher number of generation points and bidi-
rectional energy flows at distributed levels;
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e PV products from standardized and scarcely adaptable units, with limited and
undesirable esthetic characteristics for building integration, have evolved into a
very broad range of possibilities, providing the designers with suitable products
to design well-integrated and architecturally pleasant systems. In many cases,
this freedom has changed the perception of PV systems, which rather than being
seen as a something “to hide” are usually now recognized as an added value of
the architectural project. However, in spite of the BIPV products market
expansion, a lack of knowledge about the actual behavior of these building
solutions still exists. Likewise, tools and methodologies suitable to analyze the
performance of these multifunctional products have not been yet proposed,
hampering the diffusion of PV building product into the construction industry;

e The extraordinary price reduction that PV modules have experienced in recent
years [around 85 % since 2007 (UBS 2014)], which have contributed to
bringing this technology and the construction world closer. Furthermore, in the
case of BIPV solutions that 