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Preface

At the time of writing this book, 50 years have passed since I commenced

undergraduate studies in chemical engineering. The practice and evaluation

of process engineering has changed radically since then, underpinned by

technological change. There has always been emphasis on technical rigour

and scientific foundation. Economics has always been a dominant criterion

for project approval. Health and safety, both occupational and public,

have always been key issues for plants and products. A marked change,

however, has been the growing awareness of the environmental impacts of

process plants and products, and approaches to assess and minimise these

impacts. We have slowly learned that we cannot consume resources or emit

wastes without risking damage to the quality of air, water, land, and living

species, including humans. This awareness has progressed through various

experiences and perceptions of environmental damage forms such as toxicity,

acidification, photochemical smog, stratospheric ozone depletion, and global

warming.

The process industries have a major environmental impact arising from

their large scale of operation. Large quantities of raw materials and energy

are consumed in the processing and transport of materials. A wide range

of chemicals are emitted to the environment through process streams and

indirectly from generation of utilities used in process plants. Each of the

distinct stages in a product’s life cycle, from extraction of raw materials to

product use and disposal, contributes to the environmental impact of the

product.

The term ‘green process engineering’ has been adopted to express the

transformation in design and operating practices in the process industries

needed to minimise environmental impact from a product’s life cycle. The

term ‘sustainable process engineering’ has been adopted to widen this

concept to include economic and social impacts. A major characteristic of

this transformation has been the widening of system boundaries beyond a

process plant to incorporate the entire product life cycle, support systems

providing utilities and treating effluents, and systems exchanging materials
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and energy streams. The terms ‘meso scale’ (plants integrated on a site) and

‘macro scale’ (plants integrated across different industries and sites) have

been used to express the expanded horizon beyond the ‘micro scale’ or single

plant.

A further characteristic of sustainable process engineering has been the

broadening of evaluation criteria to include technical, economic, environ-

mental, safety, social, and sustainability assessments, and the integration of

these assessments. Such assessments are made progressively in a project’s

development, approval, and execution, but also in process engineering

decisions.

Sustainable process engineering is directed towards existing processes,

plants, and products through new technology development, design for

change, and improved operations. Technology innovations are essential for

progress tomore sustainable products and processes, butmust be supported

by enabling skills in project participation and management, design, and

operation.

Sustainable process engineering is presented in this book as four parts:

• fundamental concepts of sustainability, cleaner production, and

industrial ecology with their characteristics and implications

• strategies for identifying and minimising waste in process plants,

particularly reaction, separation, and utility systems and through

energy conservation and materials recycling

• assessment methods for environmental, safety, economic, and

sustainability criteria, and integration of these assessments

• procedures needed to implement change through planning, design,

project development, and operations.

It is assumed that the reader of this book has fundamental knowledge

in science and engineering, including mass and energy balances, thermo-

dynamics, fluid mechanics, and heat transfer. It is further assumed that

the reader will be acquiring knowledge and skills in chemical engineering

beyond this book and will integrate the thinking and techniques in this book

with that learning. This book is not intended to replace existing texts in

fundamentals or design, but to supplement them.Hopefully the bookwill also

encourage the reader to develop interests beyond chemical engineering in

environmental science, environmental economics, and regulatory practices,

which play a complementary role in achieving more sustainable processes.

Some cases and problems are provided to assist skills development in

problem and systems definition, process development and flow-sheeting,

systems documentation, and evaluation. There is opportunity to build on the
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principles, cases, and problems provided in the book to make more rigorous

or detailed analysis, if desired. References have been provided to encourage

supplementary reading.

Although process engineering is distinguishable by its quantitative

approach, sustainable process engineering also involves qualitative concepts.

It is important for professional engineers to have skills in arguing the case

for sustainable options. This should be reflected in process engineering

education and opportunity provided in student project work to develop this

facility.

David Brennan
August 2012
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Introduction to Part A

In the first part of this book, we explore three key concepts of sustainable

process engineering, those of sustainability, cleaner production, and indus-
trial ecology. These are by no means the only concepts related to sustainable
process engineering. Indeed an extensive suite of concepts and associated

terms have evolved, many of which are related to environmental science and

engineering, as well as to process engineering. This evolution of concepts

has been strongly influenced by a growing awareness of environmental

problems, their anthropogenic causes, and remedial actions. Some of these

environmental problems include

• poor air quality and its impact on human health, especially in cities

with large concentrations of people, transport, and industries

• acidification of forests andwater ways, often related tomovement of

acid gas emissions prior to acid rain precipitation

• depletion of stratospheric ozone due to emission of ozone depleting

substances, leading to increased UV radiation damage to humans,

plant life, and materials

• global warming with its threats of extreme weather patterns, rising

sea levels, and damage to diverse biological species

• perceived shortages of resources such as fossil fuels, minerals, water,

and fertile land.

Responses to environmental damage and its causes have come through

professions, including science and engineering, both from individuals and

institutions, through environmental bodies and through legislation by

government at national and world levels. Some examples of these responses

are listed below, and enable us to gain an appreciation of the evolution of

human awareness of environmental problems.

In the early 1960s, Rachel Carson published a book titled Silent Spring
drawing attention to carelessness in the use of chemicals (particularly

insecticides) in the environment (Carson, 1962). In 1972, use of DDT as an
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insecticide was essentially banned from agricultural practice in the United

States of America.

In 1972, the Club of Rome published their report ‘The Limits to Growth’

on the effects of population and economic growth on resource consumption

and waste emissions, and the inability of the planet to support such growth

(Meadows 1972).

In 1976, a working party of the Institution of Chemical Engineers

published a report exploring likely areas of material and energy resource

shortages, especially those impacting on the United Kingdom, and their eco-

nomic, social, and political implications (Institution of Chemical Engineers,

1976).

Notable milestones for environmental legislation in the United States of

America include:

1955 Clean Air act was initially passed, followed by amendments in 1963,

1966, 1970, 1977, 1990. A major achievement over this period has

been establishment of ambient air quality standards for CO, Pb, SO2,

NO2, O3, and particulates.

1970 Occupational Safety and Health Act was established to limit

worker exposure to harmful or toxic substances, and to establish

communication of hazards to users of chemicals including use of

Material Safety Data Sheets.

1971 United States Environmental Protection Agency (USEPA) was

established.

1972 Clean Water Act was passed with legislative authority for water

quality in rivers, lakes, estuaries and wetlands.

1976 Toxic Substances Control Act was enacted to allow government

assessment of the risk from introduction of new chemicals into com-

merce. Key aspects included inventory establishment for existing

chemicals and notification procedure for new chemicals.

1976 Resource Conservation and Recovery Act was introduced to regulate

facilities which treat, store, or dispose of hazardous waste.

1980 Comprehensive Environmental Response Compensation and Liabil-

ity Act (also termed ‘Superfund’) was set up to deal with closed and

abandoned sites for hazardous waste. This act was amended in 1986

to ensure consideration of state standards in site clean-ups and to

increase funding.

1986 Emergency Planning and Community Right to Know Act was

passed, stipulating annual reporting requirements by owners or

operators of facilities. Arising from this, a toxic release inventorywas
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established for each toxic chemical and each facility. The inventory

stipulated quantities stored on site, released to the environment, or

transferred offsite for treatment or disposal, and the treatment and

disposal methods used.

1990 Pollution Prevention Act was passed establishing pollution preven-

tion as the primary pollution management strategy for the United

States. The act provided for a hierarchy of approaches in waste

management: source reduction, recycling, safe treatment, secure

disposal.

Useful detail of many aspects of environmental legislation in the United

States are provided in Appendix A of Allen and Shonnard (2002).

There are similar threads through legislation in other countries. Within

the United Kingdom approximately 3000 people died in the great London

smog in 1952, when extensive domestic coal burning accompanied by

unusual weather patterns caused a major increase in concentrations of

smoke and acid gases in the atmosphere. Subsequent clean air legislation

in 1956 and 1968 in the United Kingdom made the use of smokeless fuel

obligatory (Darton, 2003).

An important development in environmental legislation in the United

Kingdom was the UK Environment Protection Act 1990. Part 1 of the Act

established two regimes:

• Integrated Pollution Control for most potentially polluting or

technologically complex processes

• Local Authority Air Pollution Control for other cases.

Integrated pollution control (IPC) emphasised the importance onminimising

waste emitted to all media incorporating air, water, and land. When a process

was likely to involve release to more than one medium, the BPEO (best

practicable environmental option) was required through the use of best

available techniques not entailing excessive cost (BATNEEC). Previous UK

regulatory approaches had involved separate acts for air, water, and land

pollution, and separate government authorities enforcing those acts.

Integrated pollution prevention and control (IPCC) has also been an

important part of European legislation, initially incorporated in the Directive

on IPCC in 1996, and subsequently modified in 2008 (Directive 2008/1/EC).

European legislation committed to sustainable development has continued

to evolve since the early 1970s (Europa, 2010).

Important milestones in Australia include the initiation of environmental

legislation and regulatory authorities within state governments in the early
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1970s and establishment of the National Pollutant Inventory (NPI) in 1997.

The NPI was established by the Australian Government as a public internet

database, providing information on industrial emissions and transfers of

nominated substances.

At an international level, there have been important milestones reflecting
global concern about environmental problems, and the need for action on a

unified and world scale. These include:

1987 Brundtland Report (WCED, 1987) expressed consensus bymembers

of the World Commission (21 countries) on issues of environment

and development. Much emphasis was on ecologically sustainable

development and preserving biodiversity.

1987 Montreal Protocol on Substances that deplete the Ozone Layer

where 23 nations agreed to cut usage of key chlorofluorocarbons

(CFCs) by 50% by 1999. This was followed by London Amendment

(1990)where 93 nations agreed to phase out production of CFCs and

most halons by 2000.

1994 United Nations Framework Convention on Climate Change which

provided the groundwork for Kyoto Protocol.

1997 Kyoto Protocol drafted a legally binding document on greenhouse

gas abatement.

2002 Johannesburg Summit reaffirmed sustainable development as cen-

tral to the international agenda and agreed to fight poverty and pro-

tect the environment. Linkages between poverty, the environment,

and use of natural resources were emphasised. Specific targets,

many with time frameworks were agreed.

2009 United Nations Climate Change Conference, Copenhagen, Denmark

while generally failing to fulfil global aspirations, agreed to limit

further warming to two degrees Celsius, linked developed and

developing countries in agreement to cut emissions, and agreed to

develop an international monitor of emissions.

Professional societies of scientists and engineers have responded to environ-

mental challenges in variousways including the enunciation of key principles

of green chemistry and green engineering. In 1998, theRoyal Society of Chem-
istry launched the Green Chemistry Network to promote the practice and
progress of green chemistry (http://www.greenchemistrynetwork.org/).

The Institution of Chemical Engineers has long had a commitment to

safety and environmental protection, as well as more recent commitment to

sustainability (http://www.icheme.org/sustainability/). Sustainabilitywas a

central theme of theMelbourne Communique (2001), and ‘The Sustainability
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Metrics’ (2002) were published for use in the process industries. In the

IChemE roadmap for 21st century (2007), key policy themes were identified

including sustainability, safety, environment, energy, food and water.

In 2003, engineers and scientists convened at Sandestin Resort in USA

for the first conference on ‘Green Engineering: Defining the Principles’

(Abraham, 2006). A set of nine principles (often referred to as the Sandestin
Principles) was agreed to

1. engineer processes and products holistically use systems analysis and

integrate environmental impact assessment tools

2. conserve and improve natural ecosystems while protecting human

health and well-being

3. use life cycle thinking in all engineering activities

4. ensure all material and energy inputs and outputs are as inherently safe

and benign as possible

5. minimise depletion of natural resources

6. strive to prevent waste

7. develop and apply engineering solutions while cognizant of local

geography, aspirations and cultures

8. create engineering solutions beyond current or dominant technologies;

improve, innovate, and invent (technologies) to improve sustainability

9. actively engage communities and stakeholders in development of

engineering solutions.

Mindful of these historic developments and initiatives, we nowexaminemore

closely the concepts of sustainability, cleaner production, and industrial

ecology.

Chapter 1 deals with sustainability concepts in a global context, including

the importance of equity, the ‘triple bottom line’, and extended time horizons.

The relevance of sustainability to the process industries and challenges in

achieving sustainable outcomes are also addressed.

Chapter 2 deals with the concept of cleaner production, focussing on

waste minimisation in process plants, the hierarchy of waste management,

product life cycles, system boundary definition, and the sources of process

and utility waste.

Chapter 3 addresses industrial ecology and the potential for waste

minimisation through industrial planning, integrated site complexes, and

integrated processing of surplus material and energy streams across

industry boundaries.
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Chapter 1

Sustainability Concepts

1.1 The Concept of Sustainable Development

The concept of sustainable development emerged in the 1980’s within

the environmental movement. In 1980, three globally based environmental

organisations (UnitedNations Environment Programme [UNEP],WorldWide

Fund for Nature [WWF], and International Union for Conservation of Nature

and Natural Resources [IUCNNR]) jointly published ‘TheWorld Conservation

Strategy’ aimed at

(a) maintaining essential ecological processes and life support systems

(b) preserving genetic diversity

(c) ensuring the sustainable utilisation of species and ecosystems.

The publication (UNEP/WWF/IUCCNF, 1980) reported that ‘for development

to be sustainable, it must take account of social and ecological factors, as well

as economic ones; of the living and non-living resource base; and of the long-

term as well as the short-term advantages and disadvantages of alternative

actions’.

In 1983, the United Nations General Assembly convened The World

Commission on Environment and Development to address growing concern

‘about the accelerating deterioration of the human environment and natural

resources and the consequences of that deterioration for economic and social

development’. It was not until the World Commission’s report, commonly

referred to as the Brundtland Report (after the commission’s chairman)

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
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was published in 1987, that the concept of sustainable development

became generally recognised. The Brundtland Report defined sustainable

development as ‘meeting the needs of the present without compromising

the ability of future generations to meet their own needs’. Most appraisals of

sustainability refer back to this definition. Enshrined within this definition is

the concept of intergenerational equity.
The Brundtland Report (WCED, 1987) also emphasised the importance

of intra-generational equity: ‘The Earth is one but the world is not. We all
depend on one biosphere for sustaining our lives. Yet each community, each

country strives for survival and prosperity with little regard for its impacts

on others. Some consume the Earth’s resources at a rate that would leave

little for future generations. Others, many more in number, consume far too

little and live with the prospects of hunger, squalor, disease and early deaths.’

The first chapter (Perdan, 2004) of ‘Sustainable Development in Practice’

(Azapagic, Perdan, and Clift, 2004) is an excellent introduction to the origins

of the sustainability concept. In this chapter, there are stark examples of

drivers towards sustainability. Some of these examples are from a Global

Environment Outlook Report by UNEP (2002):

• Around 2 billion ha of soil was classed as degraded by human

activities. About 1/6th of this was either ‘strongly or extremely

degraded’ beyond restoration.

• Around half of the world’s rivers were seriously depleted and

polluted.

• Around 24% of mammals and 12% of bird species were regarded as

globally threatened.

• Depletion of the ozone layer which protects life from UV light had

reached record levels.

• Concentrations of carbon dioxide were 367 ppm or 25% higher than

in 1850.

Other examples of drivers towards sustainability in the same chapter are

taken from a UNEP report in 2002 on Human Development:

• Some 80 countries, amounting to 40%of theworld’s populationwere

suffering from serious water shortages by 1995

• Around 1 billion people still lack access to safe drinking water and

2.4 billion to good sanitation (mainly in Africa and Asia)

• 2.8 billion people live on less than $2/day

• Every year, 11 million children die of preventable causes derived

from poor nutrition, sanitation, material health and education.
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These and many other indicators and trends imply that development on the

global scale is unsustainable.

Since the Brundtland Report, some key world events shaping sustainabil-

ity thinking include

• Earth Summit held in 1992

• Johannesburg Summit held in 2002.

The Earth Summit in Rio de Janeiro agreed to a global plan of action, Agenda

21, for achieving more sustainable development and agreed to some 27

supporting principles. Two of these principles, Principles 15 and 16 are

commonly cited.

• The Precautionary Principle (15)
Where there are threats of serious or irreversible environmental damage, lack
of full scientific certainty shall not be used as reason for postponing cost-
effective measures to prevent environmental degradation.

• The Polluter Pays Principle (16)
National authorities should endeavour to promote the internalization of
environmental costs and the use of economic instruments, taking into account
the approach that the polluter should, in principle, bear the cost of pollution,
with due regard to the public interest and without distorting international
trade and investment.

Other widely cited principles (Hammond, 2000) include

• The Subsidiarity Principle (or Participative Principle)
Widespread and informal public participation is an essential prerequisite for
effective decision making. Political decisions should be taken at the lowest
possible level, that is, as closely as possible to the citizen.

• The Integration Principle
Environmental requirements must be integrated into defining and implement-
ing all aspects of policy making in government.

At the Johannesburg Summit (2002) some tens of thousands of people

participated, including heads of government and delegates from non-

government organisations, businesses, scientific groups, trade unions, and

youth, reflecting the ideals of broad participation and inclusiveness. Linkages

between poverty, the environment, and use of natural resources were

emphasised. Specific targets, many with time frameworks were agreed
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Figure 1.1 Environmental, economic, and social systems and their interactions.

Brennan (2007): Reproduced with permission of John Wiley and Sons, Inc.

regarding poverty eradication, water and sanitation, supply and use of

energy, use of chemicals, and management of natural resources.

While there is lack of unanimity about the exact meaning of sustainable

development and its implications, most agree that it implies satisfying social,

environmental, and economic goals. The term triple bottom line has been
widely adopted by government and business in the context of meeting

these goals. The characteristics of triple bottom line (Suggett and Goodsir,

2002) include the targeting, monitoring, and measurement of economic,

environmental, and social performance, acceptance of accountability and

transparency, and engagement of stakeholders.

Figure 1.1 shows a simplified view of social, environmental, and economic
systems. These three systems are interconnected and interdependent.

The economic system draws on materials and energy resources from

the environment and on labour and intellectual capital from society. The

economic system generates a diversity of goods and services for society’s

benefit, but at the expense of impacts on the environment, through both

resource consumption andwaste emissions. The environment provides clean

air, water, and land, aswell as the diversity of flora and fauna, to society; these

provisions are essential to the development of the social system.
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1.2 Sustainability in the Context of the Process Industries

In the context of the process industries, sustainability applies to whole

industry sectors, products, process technologies, and individual process

plants. In assessing performance achievement in sustainability, there is a

need (Azapagic and Perdan, 2000) for suitable sustainability indicators to
quantify performance and monitor progress in each of

• environmental

• economic

• social performances.

Work is proceeding to develop suitable scenarios and indicators for assessing

sustainability. Many of the environmental indicators proposed are based on
life cycle assessment methodology. They include, for example, indicators of

• resource depletion

• global warming potential

• ozone layer depletion

• photochemical smog

• human and eco toxicity.

Economic indicators proposed include

• value added

• contribution to gross domestic product

• capital expenditure, including that on environmental protection

• environmental liabilities

• ethical investments.

Social indicators proposed relate to ethics and human welfare, for example,

• stakeholder inclusion and participation

• international standards of conduct regarding business dealings, child

labour

• income distribution

• satisfaction of social needs including work.

Stakeholder participation is consistent with the subsidiarity principle,

and extends to a wide range of people encompassing product users,

company shareholders, communities residing near plants, and other groups.

Indicators of safety performance such as number of fatalities and lost time
accidents should also be included under social indicators.
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1.3 Some Temporal Characteristics of Sustainability

Sustainable development implies both spatial and temporal properties,
because the criteria of sustainability must be met locally and globally, and
for both present and future generations.

Sustainability implies a time horizon, which differs for a product, a

process plant, a technology, or a whole industry. Technological transitions

over time, in achieving improved products, processes, and plants, are

necessary to ensure the sustainability of an industry. Some key aspects of

time horizons and their implications are identified below.

1.3.1 Time Horizons in Project Evaluation

Since sustainability is concerned with intergenerational equity, time spans

for evaluation of technologies, products, and processes should be extended

beyond those which have traditionally been used within the process

industries for project evaluation. Time spans for evaluating process plants

have traditionally been 10–15 years, reflecting uncertainties in future

trends of product and feedstock prices, feedstock availability, markets, and

competing technology. Longer term projections involve exploring a wider
range of possible scenarios for future developments.

1.3.2 Time Horizons for Technology Development

The development phase of a process technology from early research to

commercial implementation is often lengthy, costly, and uncertain regarding

technology definition, costs, market potential, scale development, and

competing technology. This has important implications for implementing

change where the current technology is environmentally deficient and

requires major change.

1.3.3 Time Dependence of Technology Improvement

Learning, scale improvement, and cost reduction over time normally occur

after a technology has been commercially adopted. The rate and extent

of progress reflect the level of investment and competence in research,

development and operational practice.
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1.3.4 Robustness to Technological, Economic, and Regulatory
Change

Since changes in markets, costs, prices, technologies, and company and

government policies are inevitable over time, a desirable characteristic of a

sustainable venture is robustness to change in these aspects over time. The

extent of robustness can be explored by analysing sensitivity to a range of

scenarios.

1.3.5 Appraisal of Uncertainties (Technical, Business, and
Environmental)

Appraisal of uncertainties and their consequences (or risk assessment) is an
essential component of sustainability assessment. This increases the time

and cost of evaluation.

These temporal considerations run contrary to commercial opportunism

of being able to capitalise promptly on perceived market opportunities.

However, these are key aspects of sustainable development.

1.4 The Sustainable Project or Industry

To achieve a sustainable process industry project, the following aspects of

the project are important and must be sustainable in their own right:

• products — function, cost, safety, environmental impact over life

cycle

• feedstocks — availability, quality, cost, environmental impacts in

extraction/refinement and impact on resource depletion

• energy sources — availability, quality, cost, environmental impact,

impact on resource depletion

• labour, technical, and management personnel, adequately skilled

• technology — to enable design, construction, and operation of plant,

and continuous improvement over project life

• capital availability and adequate return on investment.

Graedl (2002) identified four key items for sustainability in the chemical

industry:

• chemical feedstocks

• energy for feedstock processing

• water for feedstock processing

• environment resilient to residual wastes emitted.
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Water is identified because of the diverse demands for its uses (residential,

commercial, agriculture), its variability in quality and availability, and its

non-viability (in most cases) as a traded commodity.

Graedl recommended a strategy for a sustainable chemical industry:

1. Begin and maintain a transition from petrochemical to biochemical

feedstocks.

2. Develop a strategy for limitingwater use to a reasonable allocation of the

locally available supply.

3. Begin and maintain a transition from fossil fuel and/or biomass energy

to more sustainable energy.

4. Establish a program designed to achieve near zero discharges to the

environment.

Graedl suggested a target time for sustainability of two generations

(approximately 50 years), based on a report by the Board of Sustainable

Development of the US National Research Council. He proposed time

frameworks for transitions necessary to achieve sustainability. Target dates

included

• 2035 for 50% contribution from petrochemical and 50% from

biotechnological feedstocks for organic chemicals production

• 2040 for 50% contribution from fossil fuel and 50% from non-fossil

fuel or essentially sustainable energy sources

• 2050 for close approach to zero discharges from processes to the

environment.

1.5 Conflicts in Achieving Sustainability Objectives

We have seen that sustainability involves achieving standards in economic,

environmental, and social criteria, and in intergenerational and intragen-

erational equity. We have focussed on the arguments and needs for more

sustainable processes, plants, and industries. But wemust acknowledge con-

flicting goals in the diverse spectrum of businesses, industries, and national

and international economies which make progress towards sustainability

difficult.

In the arguments for a carbon emissions trading scheme in Australia,

we have seen the vested interests in lobbying from low carbon and carbon-

intensive industries, from differing political ideologies and interest groups,

as well as from professed climate change science ‘acceptors’ and ‘sceptics’ in

government.
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At the 2009UnitedNations Climate Change Conference in Copenhagenwe

saw the different positions adopted by richer developed countries typified

by Europe and United States of America, emerging economic powers such as

China and India, countries with poorer economies, and countries vulnerable

to sea level rise and effects of severe climate. These different interests and

needsmade the achievement of policy agreement on climate change difficult.

In an editorial for a special topic issue on Sustainable Development and

Technology, in the journal ‘Process Safety and Environmental Protection’,

Sharratt (2003) identified a number of obstacles to achieving sustainable

development in practice. The editor further commented, ‘The chemical

engineering community has not transformed en bloc to address or even

embrace sustainability’. In 2004, as part of its third Assembly, the IChemE

debated the motion ‘the commitment of the chemical engineering profession

to sustainability pays nomore than lip service to an ideal and has little impact

on industry and society’. The motion was narrowly carried after arguments

for and against it were conducted (IChemE Assembly, 2004).

It is clear that a high level of expertise, resolve, and cooperation

between different groups of people in nations, governments, industries,

and professions is needed to overcome the challenges and obstacles in

achieving sustainable outcomes. There is need for an ideological shift

towards individuals and groups owning the commitment to explore and

implement sustainable practices. This extends to chemical engineering in

terms of technologies, processes, plants, products, and related industries as

well as professional practices. Chemical engineers also have a responsibility

in engaging and educating the wider community in terms of sustainable

lifestyle, product, and technology choices.
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Chapter 2

Cleaner Production

2.1 Introduction

Achieving higher levels of sustainability in industry demands focus across

a range of activities. These include developing new technologies, improving

existing technologies, designing new plants, revamping existing plants, and

improved operation of existing plants. Cleaner production is an important

concept for achieving more sustainable products and processes in these

contexts. Cleaner production emerged as a concept in the late 1980s and

has been incorporated into both environmental legislation and industrial

planning as a key pathway towards more sustainable performance.

2.2 The Concept of ‘Cleaner Production’

A definition proposed by United Nations Environment Program (1992) at its

first Asia Pacific Conference on Cleaner Production identified the following

characteristics of cleaner production:

• application of an integrated preventive environmental strategy to

processes and products to increase efficiency and reduce risks to

humans and the environment

• for processes, reduction in consumption of raw materials and in the

quantity and toxicity of wastes before they leave a process

• for products, reduction in impacts along the entire product life cycle,

from rawmaterial extraction to product disposal

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
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• application of know-how, improvement in technology, and change in

both management attitudes and operating practices.

This definition included several key points.

Integration—Cleaner production initiatives must be integrated

• with business objectives, duly recognising the needs of industry

employees and the wider community

• with technical, safety, and operational considerations of processes

and plants

• over the complete spectrum of industry activity from planning,

design, construction, through to operation and management.

Prevention— Cleaner production emphasises elimination or reduction of
waste at source. The term pollution prevention is also widely used in this
context, particularly in the United States of America. This approach is vastly

preferred to end-of pipe treatment of a terminal waste stream from a process,

because it avoids the environmental impacts and costs associated with

separating the waste and subsequent treatment of the waste. The concept of

integrated pollution prevention and control, widely used in Europe, implies
minimisation of damage from waste emission to the entire environment,

through air, water, and land media.

Product Life Cycle — Cleaner production is applied to the entire life

cycle of a product from extraction of basic raw materials, through material

processing stages, product assembly, packaging and distribution, use, and

final disposal.

Global Applicability — Although there are differences in priorities and

approaches, there is international acceptance of the need for cleaner

production, and implementation of programs by government and industry

to achieve cleaner production outcomes.

The principles of cleaner production apply to

• processes and products of industry including, but not limited to
process industries

• all industrial, commercial and domestic activity including, for

example, hospitals, building and construction, transport.

2.3 The Product Life Cycle

Figure 2.1 shows a simplified representation of the key steps for a

generalised product life cycle. Additional steps may occur in materials

transportation and in materials recycling.



August 23, 2012 10:7 PSP Book - 9in x 6in 02-David-Brennan-c02

The Product Life Cycle 21

Raw Material Acquisition

Materials Manufacture

Product Manufacture

Product Distribution

Product Use

Product Disposal

Figure 2.1 Key steps and sequence of the life cycle of a product. Brennan (2007):

Reproduced with permission of John Wiley and Sons, Inc.

Various terms are often used for segments of the product life cycle. Thus

• cradle to grave encompasses the entire life cycle
• cradle to gate encompasses raw materials extraction through a

processing chain to a product leaving the factory gate

• gate to gate encompasses a manufacturing process at a particular
site.

Figure 2.2 shows a simplified diagram of the specific example of the life

cycle of an aluminiumbeverage can. The scope of the life cycle depicted in Fig.

2.2 is ‘cradle to grave’. The scope of the life cycle from mining bauxite ore to

production of aluminiummetal at a smelter is ‘cradle to gate’. The scope of the

life cycle within an alumina refinery where bauxite is converted to alumina is

termed ‘gate to gate’.

Mined bauxite contains impuritieswhichmust be separated from alumina

in an alumina refinery. Bauxite from Weipa in Queensland Australia, for

example, contains approximately 55% Al2O3, 12% Fe2O3, 5% SiO2, 3% TiO2,

and 25% H2O. Mineral impurities are separated from alumina in the refinery

using a caustic soda digestion process followed by separation of insoluble

impurities, and precipitation and drying of alumina. The process involves

significant consumption of energy and emission of gaseous, liquid and solid
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Example
Bauxite ore

Mining & beneficiation of ore

Alumina refinery

Refined bauxite
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Aluminium smelter

Can fabrication

Use of can

Disposal of can

Figure 2.2 Product life cycle for an aluminium beverage can. Brennan (2007):

Reproduced with permission of John Wiley and Sons, Inc.

wastes; a major waste is alkaline ‘redmud’ comprising the insoluble residues

from ore digestion.

Dried alumina product from the alumina refinery is then converted to

aluminiummetal in a separate smelting process according to the equation

Al2O3 + 1.5 C+ electricity → 2Al+ 1.5 CO2

Aluminium smelters consume approximately 13 MWh of electricity per

tonne of aluminium produced. If the electricity is generated from fossil fuel,

major carbon dioxide emissions result in addition to the carbon dioxide

emissions resulting from oxidation of the carbon anodes.

Note the materials recycling step in Fig. 2.2. Aluminium metal has the

benefit of ease of recyclability, and its high strength to weight ratio has

benefits in building, construction, and transport applications. The aluminium

beverage can has environmental advantages in terms of light weight and

ease of recycling after use, but some disadvantages in upstream impacts



August 23, 2012 10:7 PSP Book - 9in x 6in 02-David-Brennan-c02

Hierarchy of Waste Management 23

incurred through the mining of bauxite and its conversion through alumina

to aluminium.

2.4 Hierarchy of Waste Management

A further key aspect of the cleaner production concept is the hierarchy of
wastemanagement illustrated in Fig. 2.3. This hierarchymay be designated as

Figure 2.3 Waste management hierarchy in chemical processes. Adapted from

Allen and Rosselot (1997): Reproduced by permission of John Wiley and sons Inc.
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follows with strategy 1 preferred to strategy 2, preferred in turn to strategy

3, and so on:

1. source reduction (eliminating or reducing waste at source)

2. recycling and reuse

3. waste treatment to render the waste less hazardous

4. secure disposal.

2.5 Concepts and Sources of Waste

2.5.1 Concepts of Waste

For chemical engineers, a major challenge is the minimisation of waste in the

process industries. A necessary first step before waste minimisation is the

identification of waste, including where and how it is formed. But what do

we mean by waste? Some common concepts of waste, all of which are valid,

include

• emission (or loss) to air, water, or land

• mass of material lost

• rubbish— lack of usefulness — scrap

• product for which no market exists

• energy wastage.

2.5.2 Process and Utility Waste

Waste occurs in both process and utility systems. The process typically

comprises reaction, separation, heat exchange, andmaterials transport steps.

Waste may be generated as a result of the process, equipment, and piping

within the physical plant, or in product packaging and distribution. Process

waste sources include

• feedstock impurities

• waste generated in reactors

• wastes generated in separation equipment

• energy required for the process

• extraneous materials such as catalysts, solvents, filter-aids, adsor-

bents

• packaging for raw materials and products.

Process waste streams may be emitted to the environment continuously or

intermittently as
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• purges

• vents and drains

• leaks and spillages

• accumulated deposits

• spent extraneous materials such as catalysts or adsorbents.

An important aspect of waste minimisation is to avoid merely transferring

pollutant from one medium to another. For example, in treating an effluent

gas stream containing sulphur dioxide, we might use a strategy of scrubbing

with NaOH to produce Na2SO3, or with lime to produce CaSO4, leading

to aqueous or solid wastes but must address any resulting water or land

pollution. Likewise, we might remove traces of mercury from natural gas

using an adsorbent, but must also address the problem of regenerating or

treating the loaded adsorbent, without causing damage through mercury

emissions to the environment.

Waste may be generated during

• normal operation of plant

• abnormal operation, start up or shut down

• maintenance and cleaning of equipment

• transport and storage of process materials.

Waste is also generated in the utility systems which support the process
systems, mainly through energy provision.

2.5.3 Utility Waste and System Boundary Definition

An important consideration in accounting for waste generation is the

definition of system boundaries. Figure 2.4 shows some system boundary

considerations in the supply of utilities to a process plant.

Even though utilities may be generated remotely from the process plant

site, the environmental burdens from utility generation may be justifiably

attributed to the utility user. Examples of remote generation of utilities

depicted in Fig. 2.4 where waste is formed include

• electricity generation from coal fired power stations and transmis-

sion to the plant

• natural gas extraction, purification, compression, and pipeline supply

to the plant

• mining, cleaning, and transport of coal to a power station.
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Figure 2.4 System boundary considerations for waste from utility systems

supplying process plants. Brennan (2007): Reproduced with permission of John

Wiley and Sons, Inc.

Utility wastes on process plants are derived from provision of energy needs

in the process. Main utility needs arise from

• heating duties including steam, hot oil, other heat transfer fluids, hot
gases (usually produced from fuel combustion)

• cooling duties including cooling water, refrigeration
• electricity for drives on materials transport equipment (pumps,

compressors, solids conveyors) and agitators, and in special cases for

direct current supply in electrochemical processes.

Other utility needs include

• nitrogen for purging
• compressed air
• water for cleaning, fire fighting.

Utility waste can be minimised both by

• reducing consumption of utilities on process plants and

• improving the design of the utility systems themselves.

Utility wastes make a major contribution to wastes attributable to a given

process. When aggregated over the whole life cycle of a product, utility
wastes make a major contribution to the environmental impact of the

product.



August 23, 2012 10:7 PSP Book - 9in x 6in 02-David-Brennan-c02

Classification of Waste 27

2.5.4 Packaging

System boundary definition is also important in relation to product

packaging. A chemical plant may use packaging for its product, but in so

doing contributes to any wastes emitted in the production, use, recycling or

disposal of the packaging.

2.6 Impacts of Waste

Wastes differ in chemical composition, in phase (solid, liquid, or gas), and

in terms of the medium to which they are released (air, water, or land). The

impacts associated with release of wastes to the environment may be felt

globally, regionally, or locally, for example:

• global—global warming, ozone layer depletion

• regional—acid rain, nutrification

• local—human toxicity.

Apart from this, different countries and regions may have distinct

• damage levels resulting from emissions, due to local differences in

climate or topography

• environmental priorities, based on environmental, economic, or

political considerations

• legislation dealing with waste emissions and cleaner production

incentives.

Impacts of waste may be of short-term or long-term duration. An example

of short-term duration is human toxicity effects from short-term release

to atmosphere of a toxic gas. An example of long-term duration is land

contaminated from solid waste disposal, affecting future generations.

2.7 Classification of Waste

Various approaches to waste classification have been adopted by different

countries. In the United Kingdom, for example, waste has been classified as

• controlled waste (household, industrial, commercial)

• industrial waste ( from transport, utilities, telecommunications)

• special waste (process industry, hazardous wastes) including toxic,

flammable, carcinogenic, corrosive, oxidising substances.

In the United States, some important classifications and related databases

include



August 23, 2012 10:7 PSP Book - 9in x 6in 02-David-Brennan-c02

28 Cleaner Production

• criteria air pollutants (SO2, NOx , CO, O3, Pb, particulate matter)

where national ambient air quality standards (NAAQ) have been

established. NAAQs are time-averaged concentrations which should

not be exceeded in ambient airmore than a specified number of times

per year

• toxic chemicals reported under the toxic chemicals release inventory

• hazardous wastes — wastes defined as hazardous under the

Resource Conservation and Recovery Act (RCRA)

• non-hazardous wastes — covered under Subtitle D of RCRA.

2.8 Driving Forces for Cleaner Production

Apart from achieving improved environmental quality, a number of driving

forces encourage industry to adopt cleaner production practices. These

include the following:

• regulatory through
� international agreements

� government at commonwealth, state, local levels

� license to operate

� need for environmental accreditation

• customer perception
• company perception and policy
• employee perception
• community perception
• economic, including

� potential savings through reduced raw materials and energy use

� reduced costs in generating and treating wastes

� avoidance of future cost of remediation or waste treatment

� minimization of potential liability arising from environmental

damage.

2.9 Resistances to Introducing Cleaner Production

There are, however, potential obstacles to achieving cleaner production. Such

obstacles can include

• resistance to change

• lack of skilled personnel to identify opportunities and develop

solutions
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Figure 2.5 Some driving forces and obstacles in cleaner production initiatives.

• lack of appropriate technology

• time and cost of developing appropriate technology

• capital costs associated with implementing technical change

• insufficient return on capital investment from making technical

change

• technical or business risks inherent in implementing change in

technology, processes, plants, or operating procedures.

Figure 2.5 highlights the balance between driving forces for cleaner

production and the obstacles to success, with some examples of contributing

factors. Process engineering has a key role in creating a more favourable

balance through providing improved technology and engineering practices.

2.10 Concluding Remarks

The characteristic objectives of cleaner production can be summarised as

follows:

• Achieve reduction in the quantity of waste produced.

• Achieve reduction in the toxicity (or other damage property) ofwaste

produced.

• Achieve reduction in consumption of raw materials, energy, and

utilities.
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• Address all stages of project life including research and development,

design, and operation.

• Benefit the health and safety of workers.

• Apply to products (including their whole life cycle) as well as to

processes.

• Extend to all industrial and commercial scale activities.

In order to achieve these objectives there are some key challenges:

• Develop improved means of assessing or measuring ‘cleanliness’ of
processes or products.

• Develop inherently cleaner processes, for example, by changes in

design, by using different or purer raw materials, or by substituting

non-toxic materials for toxic materials.

• Integrate technical, safety, environmental, and economic objectives
in process and product design; ensure that the benefits of cleaner

production are identified and justified.

• Specify appropriate system boundaries for analysis, especially in

relation to inclusions and exclusions.

• Manage existing plants and systems for cleaner performance and
ensure continuous improvement.

• Use better techniques for design and revamping process plants.

Many of these objectives and challenges will be explored in later chapters

and case studies.
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Chapter 3

Industrial Ecology

3.1 The Basic Concept of Industrial Ecology

Ecology deals with living organisms — their habits, modes of life, and

relations to their surroundings. Industrial ecology addresses the potential for

better use of materials and energy in industrial systems. There is potential

to improve efficiencies of industrial systems to approach those of natural

ecosystems.

At present, industrial ecology is characterised predominantly by linear

flows ofmaterials and energy through inter-related production-consumption

processes. There is need for a transition from an industry structure with

predominantly linear flow ofmaterials and energy to a structurewith greater

recycle of materials and energy, such as occurs with living organisms and

natural cycles, such as those for carbon, oxygen, or nitrogen.
In industrial ecology, energy and material flows are part of individual

production processes which interact with other industries and with

consumption systems. Industrial systems have local, regional, and global

dimensions and interact with natural ecosystems on these scales.

Scales (or scopes) of influencemay be classified as microscale, mesoscale,
or macroscale (Friedlander, 1994). An example of microscale activity is

an individual process plant or section of a process plant. An example

of mesoscale activity is a petrochemical complex or a petroleum refinery

operating on a large site. An example of macroscale activity is the flow

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
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Figure 3.1 Example of microscale activity. Simplified flow sheet of formaldehyde

manufacture.

of industrial materials between diverse industry sectors such as power

generation, chemicalsmanufacture,minerals processing, papermanufacture.

Recovery and recycling of waste are important elements of reducing both
consumption of materials and energy, and emissions of waste. This applies

not only within a single plant but also across plant, site, and industry

boundaries.

Figure 3.1 shows an example of microscale activity. Formaldehyde is

manufactured by the catalytic oxidation of methanol. The reaction occurs at

elevated temperature; hot gases leaving the reactor are cooled in a waste

heat boiler generating steam; formaldehyde is then absorbed in water in

an absorber. Unreacted methanol is recycled to the reactor feed. Steam

generated in the waste heat boiler can be used for driving pumps and

compressors in the formaldehyde plant. Steam could also be exported to

another industrial plant if this was feasible.

Figure 3.2 shows an example of mesoscale activity. Basic raw materials

such as salt and naphtha are processed into intermediate chemicals such as

ethylene and chlorine. These intermediate chemicals are then used as feed-

stocks for processing into a range of chemical products. All process plants are

located on the same site. Surplus steam from some plants can be exported to

other plants on the site which require steam for processing. Potential also ex-

ists for waste from one plant to be used as a rawmaterial in a separate plant.

Figure 3.2 indicates the structure of the complex as it was in earlier

years. Since then, changes have occurred in the structure of the complex

and the size and technology of some individual plants due to changes in

feedstock availability, productmarkets, and process technology. It is a feature
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Figure 3.2 Example of mesoscale activity. Schematic outline of earlier operations at

a petrochemical complex of ICI (Australia) at Botany, NSW.

of chemical processing complexes that they must adapt to such changes over

time.

Figure 3.3 shows a generalised example of macroscale activities. Surplus

material and energy streams from individual plants can be used on other

plants but across multiple sites and industry sectors. This results in a net

reduction of resources consumed for both process feedstocks and utilities

and a net reduction in wastes emitted.

 
BASIC RAW
MATERIALS

PRODUCTS

MINIMUM TOTAL WASTE

e.g. Crude oil,
Mineral
sulphide ore,
Natural gas,
Salt

e.g. Copper,
Ammonium
phosphate,
Urea,
Electricity

Figure 3.3 Example of macroscale activity. Materials and energy flows between

plants in distinct industry sectors. Brennan (2007): Reproduced with permission of

John Wiley and Sons, Inc.
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3.2 Energy and Materials Recovery fromWaste Streams

Opportunities for recovering energy and materials from waste streams

provide the dual benefits of reducing demand on virgin sources of materials

and energy, and reducing waste emissions to the environment. Some

examples related to industrial wastes are provided by Allen (2004) while

appraisals of domestic waste treatment are given by Azapagic, Duff, and Clift

(2004) for the case of sewage water, and Kirkby and Azapagic (2004) for the

case of municipal solid waste.

3.3 Resource Flow through the Economy

The flow of a particular resource through the industrial economy is key

information for improving its industrial ecology. The flow of sulphur, for

example, is a case of predominantly linear flow. This is partly related to its

perceived low value in the economy, and relatively benign nature as a waste

(as sulphur or sulphate, though not as sulphur dioxide). A much greater

proportion of lead (70%) is recycled, due to its higher value and hazardous

nature as a waste. Similarly a high proportion of platinum is recycled, due to

its high economic value (Allen and Rosselot, 1997).

3.3.1 Sulphur Flow in Australia

The sulphur balance for Australia for the year ending June 1992 is shown

as an example (Fig. 3.4). The balance indicates considerable sulphur loss

to atmosphere as SO2. Such balances can change markedly with time. The

1992 balance shows only minor imports of sulphur. This contrasts with large

sulphur imports in 1980 and 2000. Much of the SO2 released in 1992 is now

captured to make sulphuric acid.

There is little recycling of sulphur-derived products. The bulk of sulphur

is converted to sulphuric acid, which diffuses through the industrial

economy. Much of sulphuric acid is used for making fertilisers. Other

uses are for neutralising, gas drying, and alkylation within chemical and

petroleum industries, and for lead acid batteries. Technology is available to

reconcentrate dilute sulphuric acid (vacuum evaporation) and to regenerate

spent alkylation acid (furnace and sulphuric acid plant). However, waste

sulphuric acid is an unattractive prospect for recycling, because of its low

value and relatively high cost of transport from point of generation to

processing centres. It is also often contaminated.



August 24, 2012 10:11 PSP Book - 9in x 6in 03-David-Brennan-c03

Transport and Storage of Raw Materials and Products 35

Sulphur imports

Note: liquid sulphur dioxide imports and production, potassium sulphate imports, elemental sulphur exports, fertiliser exports and 
losses to slags and matters are small and are not shown.

Australian sulphur balance for the financial year 1991–92. All values are in kilotonnes of sulphur equivalent.
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Figure 3.4 Example of a national commodity balance. Sulphur in Australia for

financial year 1991–1992. All values are in kilotonnes of sulphur equivalent. Golonka

and Brennan (1994): Reprinted with permission of AusIMM.

3.4 Transport and Storage of Raw Materials and Products

A number of environmental burdens and risks derive from the transport

and storage of process industry cargoes. With all transport modes, there are

impacts of fuel combustion and engine wear. For road and rail transport,

there are noise considerations, and wear from friction on roads and rail

supports. Amajor concern is the risk of spillage from the transport container,

where safety risks also apply in the case of hazardous materials. Ship

inventories are largest and damage potential is considerable. Examples of

previous marine accidents include:

Year Location Vessel Loss
1978 Brittany Amoco Cadiz 230 kt crude oil

1989 Alaska Exxon Valdez 44 kt crude oil

1993 Shetland Braer 87 kt crude oil

1994 Baltic Sea Estonia 910 human lives
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3.4.1 Marine Transport

In the case of marine transport, potential leakage sources include

• leakage from ship of cargo or fuel resulting from storm, collision, or

disrepair

• leakage during filling or emptying operations

• contamination of water (at destination) by ballast water (from port

of origin)

• cargo leakage from storage vessels at despatch and arrival points.

3.4.2 Road and Rail Transport

Inventories of materials in road and rail transport are smaller than for

ships, but many road and rail cargoes are potentially hazardous, for example,

liquefied petroleum gas (LPG), liquid ammonia, vinyl chloride monomer.

Transportation requires storage facilities at both despatch and arrival points

with risks of containment loss associated with

• transfer of material into and out of storage

• loss of containment from storage vessels.

The magnitude of the potential hazard resulting from containment loss is

related to the quantity stored. The magnitude of storage inventory in turn

reflects transport frequency, and the associated supply/demand pattern

for the material stored. Investigation of Australian chemical manufacturing

sites indicated product storages of 15% annual production for stand-alone

manufacture, and 2% annual production for site-integrated manufacture

(Brennan, 1998). Safety and environmental risks of transport and storage,

as well as economic benefits, are major driving forces for integrated

manufacture on the one site.

3.5 Integrated Site Manufacture

Integrated site manufacture occurs where the product from plant A becomes

raw material for plant B, and where plants A and B are located on the one

site. Integrated site manufacture is to be distinguished from the case where

plant A and plant B are on different sites requiring transportation of the

intermediate chemical from plant A to plant B. As the number of integrated

plants on a site is increased, potential benefits may also be expected to

increase.
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At the mesoscale and even more so at the macroscale, it is important

to understand potential markets for surplus materials and energy streams.
This requires a broad knowledge of process industries beyond the plant

generating those surplus streams. It also implies an understanding of

markets and end uses for intermediate products.

Economic benefits of integrated site manufacture arise from

• savings in fixed capital and working capital arising from reduced

storage of intermediate products processed on site

• cheaper utility costs resulting from larger scale of utilities genera-

tion

• elimination of transport costs for intermediate products

• potential for surplus utility and process streams from one plant to

be used on adjacent plants

• increased flexibility through use of shared buildings and personnel

across the site.

Safety and environmental benefits of integrated site manufacture arise from

• transport of intermediates being confinedwithin the site by pipeline

• avoiding risks to the public derived from off-site transport

• minimising risks in filling and emptying transport containers

• minimising risks derived from reduced storage of hazardous

materials.

At the same time, there are potential constraints or disadvantages of site

integrated manufacture which must be considered. For example,

• key raw materials or utilities may become available at a different

location at lower prices

• integrated manufacture imposes high reliability requirements and

operational constraints for individual plants because of their

increased interdependence

• economic penalties can result from closure of amember plant on the

site

• possible domino effects may occur in disaster propagation from a

single incident

• cumulative effects of specific emissions (e.g., hydrocarbons) may

cause an excessive environmental load at a given site.



August 24, 2012 10:11 PSP Book - 9in x 6in 03-David-Brennan-c03

38 Industrial Ecology

3.6 Some Examples of Industrial Ecology Initiatives

3.6.1 Case 1: Hydrogen Utilisation from Refineries

In petroleum refineries, hydrogen is produced as a by-product from the cat-

alytic reformer unit, used to increase the octane rating of naphtha produced

from crude oil distillation. Hydrogen is consumed in refinery hydrotreaters,
whose primary purpose is to remove sulphur from hydrocarbon streams.

There is often an imbalance between hydrogen supply and demand

in refineries. Where there is surplus hydrogen, a common practice is to

pipe the surplus hydrogen-rich hydrocarbon stream from the refinery to a

nearby gas processing plant (Fig. 3.5). Here, the hydrogen is separated from

hydrocarbons using pressure swing adsorption or cryogenic distillation.

Hydrogen is then compressed, bottled and distributed to hydrogen markets,

while hydrocarbons are piped back to the refinery.

Figure 3.5 Recovery of surplus hydrogen from refineries.
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Figure 3.6 Ammonium phosphate manufacture in Queensland. Brennan (2007):

Reproduced with permission of John Wiley and Sons, Inc.

3.6.2 Case 2: Fertiliser Complex, Queensland, Australia

Phosphate rock from the North Queensland Duchess deposit is mined,

beneficiated and reacted with sulphuric acid (Fig. 3.6). The sulphuric acid

is produced from metallurgical smelter gases containing sulphur dioxide, at

Mt. Isa. Acidulation of the rock produces phosphoric acid, which is separated

from calcium sulphate by filtration. Key chemical equations are

SO2 + 0.5O2 + H2O → H2SO4

Ca3(PO4)2 + 3H2SO4 → 2H3PO4 + 3CaSO4

Ammonia is produced by steam reforming of natural gas to make hydrogen

which is then reacted with nitrogen. Phosphoric acid is reacted with

ammonia to produce ammonium phosphate fertiliser, which is railed to

Townsville on the Queensland coast. Key chemical equations are

CH4 + 2H2O → 4H2 + CO2

3H2 + N2 → 2NH3

2 NH3 + H3PO4 → (NH4)2HPO4

The combined facility, with a capacity of 975 kt/yr high analysis ammonium

phosphate fertilisers, commenced operation in 2000.

For many years prior to 2000, large quantities of SO2 were emitted at Mt.

Isa via a tall stack. Sulphuric acid was always a potential product, but no
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local market existed. Development of the phosphate rock deposit provided

a sink for sulphuric acid. Imports of ammonium phosphate to Australia had

increased from 50 ktpa in 1982 to 600 ktpa in 1992. Further growth in

Australian demand has created a sizeable import replacement market, while

opportunities also exist for exports. A natural gas pipeline from south-west

Queensland to Mt. Isa created a source of methane for ammonia production.

A rail link fromMt. Isa to Townsville and port facilities at Townsville provided

infrastructure for materials transport to markets.

Several factors have combined tomake such a project possible. These include

• resource development
� natural gas extraction in south-west Queensland and natural gas

pipeline construction (south-west Queens-land to Mt. Isa)

� development of phosphate rock deposit

• waste treatment
� SO2 capture from smelter with greatly reduced emissions to

produce sulphuric acid

• exploitation of market for ammonium phosphate

• opportunity to build on transport infrastructure.

3.6.3 Case 3: Industrial Integration at Kalundborg, Denmark

At Kalundborg in Denmark, four industrial facilities under different

ownership and the local municipality participate in a system where wastes

are profitably exchanged and utilised.

The participants are

• 1500 MW coal fired power station, owned by Asnaevaerket

• Denmark’s largest refinery, owned by Statoil, with a capacity of 3

million tonnes of crude oil per annum

• Gyproc plaster board, producing 14 million m2 of board per annum

• Novo Nordisk biotechnology, producing about 45% of world’s

insulin and 50%world’s enzymes markets

• Kalundborg municipality, controlling the distribution of water,

electricity and heating in the city area

Development at Kalundborg has been voluntary, but has occurred in close

cooperation with government. Some key flows of energy and materials in

1995 are depicted in Fig. 3.7. In contrast to the Queensland fertiliser project

which was planned as an integrated facility, integration at Kalundborg has

evolved over time. The evolution has enabled major reductions in water

consumption, in CO2 emissions, and in solid wastes of fly ash and gypsum.
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Figure 3.7 Industrial integration at Kalundborg, Denmark. Grann (1997):

Reprinted with permission.

3.6.4 Case 4: Industrial Symbiosis at Kwinana, Western Australia

Substantial and varied process industry development at Kwinana (south of

Perth in Australia) has led to a number of regional synergies. Process plants

at Kwinana (van Beers, Corder, Bossilkov, and van Berkel, 2007) include (as

of 2007) the following:

• mineral processing plants including

� 2000 kt/yr alumina refinery

� 70 kt/yr nickel refinery

� 105 kt/yr titanium dioxide plant

� 800 kt/yr direct reduction iron making plant

• 850 kt lime and cement

• petroleum refinery processing 135,000 barrels/day of crude oil

• chemical processing plants producing

� sodium cyanide

� caustic soda and chlorine

� ammonia and derived fertilisers

As of 2005, some 47 synergy projects were reported as being in place,

including 32 by-product synergies and 15 utility synergies. Examples of by-

product synergies reported include use of phosphogypsum from fertiliser

production by the alumina refinery for assisting plant growth and soil
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stability in its residue areas. Examples of utility synergy include use

electricity from cogeneration and re-use of treated waste water.

3.7 Concluding Remarks

Implications for sustainability and cleaner production extend beyond plant

and site boundaries to industrial production and consumption systems.

The flow of major industrial materials through the economy merits close

scrutiny. Modelling tools are being developed and applied in order to assist

this analysis. The recycling and exchange between industries of materials

and energy demands industry cooperation, and a thorough evaluation of

potential markets.

Transport of process materials incurs environmental impacts and risks of

spillage. Opportunities for site integrated manufacture and for manufacture

at the point of product use should be pursued, and have major implications

for systematic industrial planning.

Industrial culture is evolving to explore and create an improved industrial

ecology. Recent project initiatives provide evidence of this. However, there

are potential economic and operational barriers to improved industrial

ecology which should be recognised and addressed to ensure opportunities

are realized. Some of these barriers derive from safety implications of

transferring process and energy streams between different operating sites,

and the possibility of intermittent stream flows with variations in flow rate

and composition. Other potential derive from cost and profitability concerns.
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Problems

A number of problems are provided in each part of the book to illustrate

the principles discussed in earlier chapters. The development of solutions

to these problems builds on chemical engineering principles and systems,

but in many cases there are a number of possible alternative solutions.

Alternatives require evaluation and judgment, and a preferred solution

requires reasoned argument. Information sources are suggested for some

problems, but additional sources will generally be available. Websites

suggested may change in terms of future access and detail, but will give an

indication of potential useful sources derived from industry companies or

bodies. The problems in Part A are intended to explore the concepts raised in

the first three chapters. Some of the problem contexts reappear later in the

book to explore principles discussed in later chapters.

PROBLEMS: PART A

1. Sustainability of PVC Product

(a) Draw a life cycle diagram to show the entire product life cycle for

polyvinyl chloride (PVC) pipe produced from basic raw materials of

salt and ethane. The diagram should be a block diagram with one

block for each distinct step of processing, usage, or disposal. Transport

and distribution activities can be excluded. Identify on the diagram

the main raw materials, intermediate products, co-products, and by-

products from the various processing stages. Where possible, quantify

the relationships between mass flows of raw materials, intermediate

products and final product.

(b) Identify the important criteria by which PVC pipe should be judged in

terms of being a sustainable product. Hence, postulate key advantages

and disadvantages of PVC pipe in terms of being a sustainable product.

Give your reasons.
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(c) From an industrial ecology viewpoint, consider the sustainability merits

of an integrated PVC polymer production facility (cradle to gate) based

on ethane and salt raw materials and located at Karratha in northwest

Australia, or at an alternative site of your choice. Identify the potential

benefits, implications, and risks for such a scheme.

Useful References
Ullmann (2002). Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,

Germany.

Websites for PVC manufacturers, for example:

European Vinyls Corporation: http://www.vinyl2010.org/ and http://www.

vinylplus.eu/

Australian Vinyls: www.av.com.au

Vinnolit: http://www.vinnolit.de/vinnolit.nsf/id/EN Home

2. Sustainability of Fuel Ethanol

Fuel ethanol is available in some countries as an alternative to petrol, either

as a blended component (commonly 10% ethanol) or in some cases as a

separate fuel. One source of rawmaterial for fuel ethanol is sugar cane, which

can provide either cane juice, a more concentrated syrup, or molasses by-

product from sugar production.

(a) Draw a complete life cycle diagram for each of the following products:

• petrol derived from crude oil

• fuel ethanol derived from a sugar-based feedstock.

Life cycle diagrams should be simple block diagrams with one block

for each distinct step of processing, transportation, usage, or disposal.

Main inputs and outputs including co-products and by-products should

be shown at each block.

For petrol, showmajor steps

• upstream of the refinery

• within the refinery

• downstream of the refinery, including use of petrol.

For fuel ethanol, show major steps upstream of sugar cane production,

downstream of sugar cane production, within the ethanol ‘distillery’, and

including use of fuel ethanol.
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(b) Postulate qualitatively the major environmental impacts you would

expect at each stage of the two product life cycles.

Useful References
Institute of Petroleum (2002) Modern Petroleum Technology, Vol. 2: Downstream

(A. G. Lucas, ed.), Wiley, Chichester, UK, Ch. 1, pp. 1–4, Ch. 9, pp. 83–85.

Moulin, J. A., Makkee, M., and Van Diepen, A. (2001) Chemical Process Technology,
Wiley, Chichester, UK.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

3. Hydrogen as an Alternative Car Fuel to Gasoline

With the prospect of increased price and reduced availability of crude oil and

petrol worldwide, increasing attention is being given to alternative fuels for

motor vehicles to supplement or replace gasoline (petrol). Petroleum-based

diesel has been in use for some time, but LPG, compressed natural gas, fuel

ethanol, and biodiesel have also been suggested and used. More recently,

both electric cars and hydrogen fuelled cars have been suggested and some

prototypes have been developed by particular car manufacturers.

(a) Draw a life cycle diagram for production, distribution and use of each of

the following alternative automobile fuels:

(i) gasoline (petrol) derived from crude oil

(ii) hydrogen derived from the steam reforming of natural gas.

The diagrams in this case should be simple block diagrams with

one block for each distinct step of processing, transportation, usage,

or disposal. Main inputs and outputs including co-products and by-

products should be shown at each block.

(b) (i) Identify four main sources of gasoline from within a petroleum

refinery. For each source, identify and explain the main chemical or

physical processing step.

(ii) Briefly describe the steam reforming process for hydrogenmanufac-

ture from the steam reforming of natural gas. Include key chemical

equations and indicate the equipment type at the main processing

steps.

(c) Identify themain environmental impacts and their causes incurred in the

production of



August 7, 2012 10:20 PSP Book - 9in x 6in 03-Problems-A-03

48 Problems

(i) gasoline from crude oil

(ii) hydrogen from the steam reforming of natural gas.

(d) Identify the emissions at the product usage step from using

(i) gasoline

(ii) hydrogen

as a car fuel. What environmental impacts result from these emissions?

(e) Discuss some important safety concerns arising from the distribution,

storage, and use of each of the two alternative car fuels.

(f) (i) Nominate two alternative processes for the manufacture of hydro-

gen. Indicate one disadvantage of each process compared with the

steam reforming of natural gas.

(ii) Identify three existingmarkets for hydrogen apart from use as a fuel.

(g) Postulate the main environmental and sustainability issues arising from

the use of the two alternative car fuels, hydrogen and gasoline.

Useful References
Stefanakos, E. K., Goswami, Y., Srinivasan, S. S., and Wolan, J. T. W. (2007)

Hydrogen energy in environmentally conscious energy production, (Ch. 7), in

Environmentally Conscious Alternative Energy Production (Kutz, M., ed.), John
Wiley and Sons, Hoboken, New Jersey.

Institute of Petroleum (2002) Modern Petroleum Technology, Vol. 2: Downstream
(A. G. Lucas, ed.), Wiley, Chichester, UK, Chs. 1 and 9.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

4. Industrial Ecology in Nitric Acid Manufacture

Ammonium nitrate is an important commercial chemical product used both

as an explosive in the mining industry and a fertiliser.

(a) Identify the major stages in the life cycle of ammonium nitrate product,

considered from ‘cradle to gate’ perspective. Assume that air, steam, and

natural gas are the primary feedstocks. Express your answer using an

appropriate block diagram.

(b) Postulate themajor environmental impacts occurring at each stage of the

ammonium nitrate product life cycle and their source.

(c) Identify the major downstream commercial uses for ammonia (other

than ammonium nitrate) in the process industries.
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(d) (i) Outline the industrial ecology implications for the design, site

location, and integration (with other industrial plants or facilities)

of a nitric acid manufacturing plant.

(ii) Recommend a site for a new nitric acid plant in your country or

regionwhichwould offer benefits in terms of industrial ecology. Give

reasons for your recommendation. Draw a block diagram showing

the inter-relationship between individual plants, raw materials,

intermediates, and products that you envisage.

Useful References

Sinnott, R., and Towler, G. (2009) Chemical Engineering Design, Elsevier, Oxford, UK,
Ch. 4.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

5. Alternative Packaging for Beer

Beer is packaged in most countries in both glass bottles and aluminium cans.

Both of these containers can be recycled after use, achieving environmental

benefits. What are these benefits? Does either container have an advantage

in the context of recycling? What other considerations might decide the

preferred container for beer?
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Introduction to Part B

Having considered some key concepts shaping sustainable process engineer-

ing and their origins, we now explore strategies for waste minimisation

in process plants. Considerable emphasis is placed on understanding how

waste is generated at source. This understanding is an essential first step

before developing strategies to minimise waste.

Consistent with the established ‘hierarchy of process design’ (often

referred to as ‘the onion diagram’), we begin by looking at waste in reactors.
The reactor is often a key source of process waste influencing subsequent

separation requirements, recycle of process streams, effluent quantities

and compositions, and product quality. Product impurities in intermediate

chemicals provide a further source of waste for downstream processing and

downstream products. In Chapter 4, we consider the main sources of waste

in chemical reactors; we explore how these sources occur in some selected

chemical processes of industrial importance, and how these processes have

evolved to minimise waste.

We then explore how waste is formed in some more common separation
processes in the process industries and examine some specific case examples.
Since energy is a major consideration in many reaction systems, as well

as in separation processes and materials transport, we next examine the

common utility systemswhich provide energy for process plants. Utilities are
most widely used for heating, cooling and electrical duties. The generation

of these utilities in turn involves fuel and water consumption and a range

of waste emissions. We explore how energy and utilities are consumed in

process plants and some of the ways in which energy consumption can be

minimised.

Recycling, both of process streams within processes and of product

materials in the wider economy, is an important strategy for minimising

both resource consumption and waste emissions. Key aspects of recycling

are explored, and related benefits and burdens, both economic and

environmental, are identified.
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We finally explore waste generation in the wider context of process

industry operations, including departures from normal plant operating

conditions, startup and shutdown of plants, leaks and spillages, cleaning and

maintenance, as well as the storage and transport of process materials.



August 27, 2012 15:54 PSP Book - 9in x 6in 04-David-Brennan-c04

Chapter 4

Waste Minimisation in Reactors

4.1 Introduction

This chapter is structured in two parts. In the first part, we explore the

principles governing waste generation and minimisation in reactors. In the

second part, we explore these principles in the context of five commercial

chemical processes.

Reactors involve chemical change and hence it is important to consider

reaction chemistry, both in terms of what is intended and what actually

occurs in practice. Reactors can be diverse and complex equipment, handling

chemicals of widely different chemical and physical properties, operating at

widely different conditions of temperature, pressure, and reactant/product

concentrations, involving different phases (solid, liquid, and gaseous), having

different geometries, and incorporating a wide range of distinct physical

configurations and ancillary equipment. Nevertheless we can make some

generalisations about sources of waste in reactors derived from

• stoichiometric generation of unsaleable co-products

• feedstock impurities

• imperfect mixing

• secondary reactions leading to undesired side products

• incomplete conversion of feedstock to products

• reversible reactions

• agent materials

• deterioration of catalysts during operation.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com
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These sources of waste can be identified in industrial reactors to differing

extents, but often several of the sources occur in any one chemical process.

After discussing these waste sources and some common design strategies

for avoiding or minimising their effects, we consider five separate chemical

processes. In each case, we explore the main chemical reactions, the main

sources of waste and their consequences, and how the technology of the

processes has evolved to minimise the generation of waste. The chemical

processes examined are

• chlorine and caustic soda manufacture from salt

• ethylene manufacture from hydrocarbons

• hydrogen cyanidemanufacture from ammonia, methane, and air and

its conversion to sodium cyanide

• sulphuric acid manufacture from sulphur and mineral sulphides

• polyvinyl chloride (PVC)manufacture by suspension polymerisation

of vinyl chloride.

All five processes are of commercial significance in the chemical industry.

Chlorine, caustic soda, ethylene, and sulphuric acid are large tonnage

products used as intermediate chemicals for further processing to make

a wide range of downstream products. PVC is a large tonnage polymer

with diverse applications while sodium cyanide is a key chemical in gold

extraction.

4.2 A Checklist for Reaction Systems and Reactors

In exploring industrial reactors and their potential for waste generation,

it is important to consider both the reaction chemistry including its ther-

modynamics and kinetics, and also the reactor system with its engineering

features. Key aspects of reactor chemistry and reactor design provide a useful

checklist.

• Chemical reactions including
� basic chemistry of intended reaction or reaction sequence

�whether reactions are reversible or irreversible

�whether reactions are exothermic or endothermic

�whether reactions are catalytic or non-catalytic

� temperature, pressure, and concentration conditions for reactions

�whether unintended side reactions are occurring

� degree of conversion of reactants to desired products.
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• Reactor design
� phases under which the reaction proceeds (gas, liquid, solid,

multiphase)

� batch or continuous operation

� provisions for heating and/or cooling

� approach to a CSTR (continuous stirred tank) or plug flow reactor

� reactor equipment type, for example, furnace, packed bed,

electrolytic cell, stirred vessel, platinum gauze.

Some examples of reactor types and their use in different processes include

• furnace for

� steam reforming of natural gas for hydrogen production

� steam cracking of ethane to produce ethylene

• packed bed reactor for

� sulphuric acid production (vanadium pentoxide catalyst)

� isomerisation reactor in petroleum refining (alternative catalyst

options)

• electrolytic cell for

� chlorine and caustic soda production from sodium chloride

� conversion of alumina to aluminium in aluminium smelting

• stirred vessel for

� polymerisation of vinyl chloride in PVC production

• platinum gauze reactors for

� oxidation of ammonia in nitric acid production

� oxidation of ammonia and methane in hydrogen cyanide

production.

These reactor types are used in the five chemical processes later reviewed.

Sketches of platinum gauze and furnace reactors are provided in Fig. 15.3.

4.3 Chemistry of Process Route

Cleaner (or ‘greener’) chemistry can be regarded as a subset of cleaner

production. Some of its objectives which impinge on reactors include

• developing synthesis pathways which use alternative feedstocks or

more selective chemistry to generate less waste

• finding alternative reaction conditions, for example, lower tempera-

tures which promote increased selectivity
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• finding new solvents, for example, water might be used to replace an

organic solvent

• finding improved catalysts

• developing alternative chemical products which are inherently safer

or less toxic, providing benefits in storage, transport, and use.

A simple measure of environmental effectiveness of reaction chemistry is

the Environmental factor (or E factor), where E factor= Ratio of kg waste (or

by-products) to kg desired product. Typical values of E factors for industry

sectors have been quoted by Sheldon (1994). These values indicate the

relative magnitudes of waste in different industry sectors in United States

at that time.

Industry Annual tonnage of products E factor
Oil refining 106–108 ∼0.1
Bulk chemicals 104–106 <1 to 5

Fine chemicals 102–104 5–50

Pharmaceuticals 101–103 25–100

The E factor identifies the magnitude of waste, but does not distinguish

between harmful and relatively benign wastes. Sheldon proposed an

environmental quotient, EQ = E × Q , where Q is a factor for environmental

impact. Life Cycle Assessment (LCA) and other techniques have been

developed for estimating quantitative environmental indices for processes

and products. LCA is discussed in Chapters 10 and 11.

Atom utilisation is a measure of how effectively chemical atoms

participate in a reaction to achieve the desired product. Atom utilisation can

be calculated on the basis of the stoichiometric equation by dividing the

molecular weight of the desired product by the sum of molecular weights

of all substances produced. An example of calculating atom utilisation is the

case of ethylene oxide manufacture.

The overall reaction for the now obsolete chlorohydrin route for

manufacturing ethylene oxide may be represented as

C2H4 + Cl2 + Ca(OH)2 → C2H4O+ CaCl2 + H2O

Molecular weight 44 111 18

Atom utilisation 44/(44+ 111+ 18) = 0.25 = 25%

We can also look at utilisation for a particular atom, for example, oxygen,

where utilisation is 1/(1 + 1) or 50%; hydrogen, where utilisation is 4/(4 +
2) or 67%. Atom utilisation for the chlorohydrin route can be compared with
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that of 100% for the modern direct oxidation route of ethylene to ethylene

oxide.

2C2H4 + O2 → 2C2H4O

4.3.1 Conversion, Selectivity, and Yield

Conversion and selectivity are common measures of chemical reactor

performance, and have major impacts on downstream separation and

recycle.

Conversion is the ratio

reactant consumed in a reactor

reactant fed to the reactor

Limited conversion of feedstock implies feedstock is present in the stream

leaving the reactor. From this point, it requires separation from the desired

product and preferably recycling back to the reactor feed.

Selectivity is defined as the ratio

moles of desired product produced

moles of reactant consumed
× stoichiometric factor

where stoichiometric factor= stoichiometric moles of reactant required per

mole of product.

Limited selectivity implies side reactions forming unwanted products in

the reactor effluent; these unwanted products must be separated from the

desired product. Secondary reaction can occur in parallel or in serieswith the
desired primary reaction, and at distinct reaction rates.

In parallel, Reactant → Desired Product
↘ Waste

In series, Reactant → Desired Product

Desired Product → Waste

Yield is another common measure of reactor performance. Yield is the ratio

desired product produced

reactant fed to reactor
× stoichiometric factor

Yield can be based on once through reactor performance, or within a system

involving recycled feedstock. Clear definition of the basis of yield is therefore

essential.
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4.3.2 Co-Product and By-Product Utilisation

Co-products and by-products can generate sales revenue if markets for these

products can be established and sustained. The term co-product indicates

a second product of comparable mass quantity or revenue value with

the primary product. The term by-product indicates a second product of

rather lower revenue value than the primary product. If their markets fail,

however, the co-product or by-product becomes a source of waste, and both

an economic and environmental burden. Two examples of stoichiometric

generation of by-product waste in primary reactions are now given. In each

example the mass of by-product produced is approximately twice the mass

of the desired product.

Example 1. Manufacture of phosphoric acid by acidulation of phosphate rock.
Phosphoric acid, a key chemical intermediate in the manufacture of

phosphate fertilisers, is manufactured by the acidulation of phosphate rock.

Gypsum is a low value by-product of this reaction.

Ca3(PO4)2 + 3H2SO4 → 2H3PO4 + 3CaSO4

While there are markets for gypsum, mining of naturally occurring gypsum

is usually the preferred source. ‘Phosphogypsum’ (produced in phosphate

rock acidulation) is subject to contamination from impurities derived from

phosphate rock. In many operations, phosphogypsum is stockpiled,

representing amajor solidwaste (http://www.epa.gov/rpdweb00/neshaps/

subpartr/about.html). An important strategy is to improve the quality

of by-product gypsum to enable marketability or safe disposal. Possible

approaches include purifying the phosphate rock feed and improving the

washing of gypsum during filtration.

Example 2. Propylene oxide manufacture by the chlorohydrin process.
This process employs chlorine to make propylene chlorohydrin as an

intermediate, in a similar way to the chlorohydrin route for making ethylene

oxide. Lime is added to liberate propylene oxide from the chlorohydrin. A

large quantity of calcium chloride by-product results, for which there is

usually no market. The overall reaction can be represented by

C3H6 + Cl2 + Ca(OH)2 → C3H6O+ CaCl2 + H2O

4.4 Impurities in Reactor Feedstocks

Feedstock impurities can contribute to waste in several ways:
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(a) Impurities in the feed can be unreacted, contaminating process streams

downstream of the reactor;

(b) Impurities in one reactant can react with other reactants to produce a

new waste species;

(c) Feed impurities can poison a catalyst in a reactor, leading to lower

conversions and increasing the extent of secondary reactions.

In each case feedstock impurities can result in an effluent waste stream or

product contamination. In (c) catalyst life is shortened, with economic and

environmental consequences (see Section 4.9).

Impurities are characteristically present in all minerals and fossil fuels,

even where these materials have undergone refinement before supply to

process plants as feedstocks. These impurities, if not removed, can be

fed forward into downstream processing chains. Impurities may also be

introduced through other sources in a chemical process which in turn

become impurities in feedstocks to downstream products. In most cases, it

is best to remove an impurity as early as possible in the processing sequence

and before the reactor, although there are some cases where removal after

reaction is easier.

Table 4.1 gives some examples of impurities in crude oil (feedstock to

a petroleum refinery), phosphate rock (feedstock to a fertiliser complex),

sodium chloride salt (raw material for a chlorine-caustic soda plant) and

bauxite (mineral feed for aluminium production). In the case of sulphur in

crude oil, sulphur is distributed through the products of crude oil distillation,

beingmost concentrated in the least volatile products. Sulphur then becomes

an impurity in the bottoms product from the distillation column, which is

fed in turn to a catalytic cracking unit. If not removed, sulphur contaminates

the gasoline, diesel, and fuel oil products from the catalytic cracking

unit.

Table 4.1 Examples of impurities in different basic raw materials

Crude oil Phosphate rock Sodium chloride Bauxite

Salt Fluoride Calcium Silica

Sulphur Silica Magnesium Ferric oxide

Nitrogen Alumina Iron Titanium dioxide

Metals Ferric oxide Sulphate

Magnesium oxide

Sodium oxide
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4.5 Mixing of Reactants

Thorough mixing of reactants assists in achieving better conversion and

selectivity. It is also important to avoid short circuiting of reactor feed from

the reactor inlet to the reactor outlet: this is assisted by careful design of

reactor internals and location of feed and product nozzles.

4.5.1 Mixing of Gaseous Reactants

Static mixing devices located upstream of reactors can achieve greater

homogeneity in both concentration and temperature of reactants than can

be achieved solely through pipeline mixing. Static mixers have been used for

mixing gaseous reactants in processes to make the following products:

(a) Nitric acid (for ammonia and air mixing)

(b) Sulphuric acid (for air and sulphur dioxide mixing)

(c) Ethylene (for mixing hydrocarbons and steam)

(d) Formaldehyde (for mixing methanol and air)

(e) Hydrogen cyanide (for mixing ammonia, methane and air).

In the cases of nitric acid, formaldehyde and hydrogen cyanide, uniform com-

position control is also important to ensure that the reactant compositions

are outside flammability limits.

4.5.2 Mixing of Liquids

When mixing miscible or immiscible liquids, and when dispersing solids or

gases in liquids, mixing quality is again important to achieve homogeneity

in concentration or temperature. Special care should be taken in agitated

vessels with choice of impeller type and speed, geometry of vessel and

impeller, design of internals, and size and location of vessel nozzles. Jet

mixing can be a worthwhile alternative to impeller mixing. For an agitated

vessel needing heating or cooling, internal coils or an external jacket are

common. In these cases, the effect of mixing on the heat transfer rate must

be considered. Mixing is discussed in greater detail in Chapter 7.

4.5.3 Fluid Distribution in Packed Bed Reactors

When introducing gas or liquid feeds to packed catalyst beds, even

distribution of fluid across the bed is important. Careful attention should be

paid to the design of inlet piping and the distribution of feed over the packing.
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4.6 Minimising Secondary Reactions

Secondary reactions can be minimised by improving the quality of reactant

mixing before and within the reactor. Secondary reactions at elevated

temperatures can also be minimised by having short contact times for the

reaction followed by rapid cooling of the reactor effluent. Rapid cooling is

often achieved in waste heat boilers located close to the reactor, and in some

cases physically integrated with the reactor. Steam generated in the waste

heat boiler can be used within the process for driving machinery or process

heating; alternatively, it may be possible to export the steam to an adjacent

plant.

Temperature constraints on process gasesmay exist inwaste heat boilers.

For example, exit temperatures may need to be below upper limits where

side reactions are occurring, but also above lower limits where corrosive

acids such as sulphuric or nitric acid might condense.

Design features of waste heat boilers can be varied. For example,

(a) water may boil in the shell, as with vertical tubular reactors

(b) hot oil systems may be used for reactor heating and cooling, with heat

recovered from the oil to raise steam in a separate waste heat boiler

(c) special materials of construction may be needed to withstand attack by

process fluids.

Examples of processes using waste heat boilers in conjunction with

reactors include

Approximate reactor
Process temperature
Ethylene from ethane 900◦C
Nitric acid from ammonia and air 900◦C
Hydrogen cyanide frommethane and air 1100◦C
Formaldehyde frommethanol and air 350◦C (metal oxide catalyst)

Direct quench systems, involving water addition to the reactor effluent

stream, are sometimes used as alternatives to waste heat boilers. They

can be effective in achieving sudden temperature reductions but should be

evaluated for effects on

(a) the resulting water balance in the process

(b) generation of aqueous effluents

(c) penalties in reduced energy recovery.
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4.7 Recycle of Unreacted Feed from Reactor Outlet

For cases of limited reactant conversion, the recycling of unreacted feed from

a point downstream of the reactor back to the reactor feed stream provides a

reduction in raw materials consumption per tonne of product. This has both

economic and environmental benefits. There are also benefits in avoiding the

treatment or disposal of unreacted feed as a waste or by-product from the

process.

There are, however, economic and environmental burdens in recycling

unreacted feed due to

• separation of unreacted feed from the product and possibly from

other molecular species in the reactor outlet stream

• pumping, compression, or conveying of unreacted feed back to the

reactor inlet; this is particularly important where a high pressure

reaction is followed by a low pressure separation.

Such economic and environmental burdens must be weighed up against the

benefits of recycling. Processes where unreacted feed is recycled include

chlorine, ethylene, and PVC manufacture.

Reactant conversion can also be limited in some batch reactors due to a

decrease in reaction kinetics as conversion proceeds. A point in the batch

reaction cycle is reached where conversion rate is judged too slow to be

economically viable. There is then the task of separating the desired product

from the reactant and recycling the unused reactant for the next batch. An

example occurs in the batch polymerisation of vinyl chloride monomer to

PVC.

4.8 Reversible Reactions

Where reactions are reversible and one reactant is a pollutant, difficulties are

created for waste minimisation since reactant conversion is limited by the

reaction equilibrium. An example is the reversible oxidation of SO2 to SO3 in

sulphuric acid manufacture.

SO2 + 1/2O2 � SO3 �H = −298.3 kJ/mol
Reactant conversion can often be improved by selecting temperature,

pressure and concentration conditions so that equilibrium favours the

forward reaction.

There are general rules for assisting forward direction of reversible
reactions. These rules follow Le Chatelier’s principle.
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Reactor temperature should be increased for an endothermic reaction, and

decreased for an exothermic reaction.

Inert concentration If reaction involves a decrease in number of moles,

inert concentration should be decreased. If reaction involves an increase in

number of moles, inert concentration should be increased.

Reactor pressure Vapour phase reactions with a decrease in number of

moles should be set at higher pressures. Vapour phase reactions with an

increase in number of moles ideally should have a pressure continuously

decreasing as conversion proceeds. Practical considerations such as cost

and use of pressure vessels, piping, and compressors, as well as safety and

operability issues, sometimes restrict choices of reactor pressure.

Reactant conversion in the overall process can be increased by providing

additional stages of reaction. This, however, incurs increased energy

consumption derived from increased pressure drop over the reaction system,

as well as increased capital costs associated with the larger reactor and any

ancillary equipment and piping.

An important aspect of reversible exothermic reactions is the dependence

of conversion and kinetics on temperature. Often a balance is required

between choosing a high temperature where kinetics is favourable and a

lower temperature where thermodynamic equilibrium is favourable. This is

the case with the oxidation of SO2 to SO3 where a lower temperature would

favour the equilibrium but the reaction kinetics are too slow below around

430◦C.
Another good example of this need for balance between kinetically

and thermodynamically favourable conditions is the shift reaction in the

production of hydrogen, where unreacted carbon monoxide produced in

the upstream steam reformer is reacted with steam in the presence of a

catalyst.

H2O+ CO � H2 + CO2 − 41 kJ/mol

High temperature and low temperature shift reactors are used commercially

with separate catalysts and separate heat recovery systems (Twigg,

1989).

4.9 Catalysis

Catalysts have an important role in improving conversion and selectivity, and

alsowhere high reactor temperatures and pressures are involved, in allowing
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reactions to occur at lower temperature and pressure. Lower temperatures

and pressures reduce energy consumption in heating and in pumping (or

compression) duties. Lower temperatures can also reduce the severity of

attack by process fluids on materials of construction in the reactor and

associated plant. Lower temperatures and pressures can also reduce safety

risks when handling hazardous chemicals.

Catalysts typically degrade during their life and must be replaced when

catalyst performance is judged to be unsatisfactory. Catalyst replacement

usually requires a plant shut-down for removal of spent catalyst and

installation of new catalyst. Catalyst degradation has a number of effects on

process performance:

• deterioration in reactor performance (in one or more of conversion,

yield, selectivity)

• possible increased pressure drop through fines generation in the case

of solid catalysts

• the need for catalyst regeneration or disposal; disposal is a problem

if the catalyst contains toxic species such as heavy metals.

4.9.1 Example of the Effect of Catalyst Activity on Performance

An example of the effect of catalyst activity on reactor performance is the

quality of by-product hydrogen from a catalytic reformer unit (CRU) in a

petroleum refinery. The purpose of the CRU is to increase octane number

of gasoline, mainly by dehydrogenation, isomerisation, and cyclisation of

hydrocarbon feed. Hydrogen is a by-product of each hydrocarbon reaction;

for example, in cyclisation of n-hexane where

C6H14 → C6H6 + 4H2

The catalyst used is in the CRU is platinum supported on a silica or silica

alumina base. Note the lower hydrogen content and increased hydrocarbon

content of gas as the catalyst ages.

Gaseous composition (% v/v)
Component Middle of run End of run
H2 86.0 77.0

CH4 6.5 13.5

C2–C5 7.5 9.5
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4.10 Agent Materials

Agent materials have advantages in enabling the desired reaction to proceed

efficiently, but disadvantages if they have toxic properties or indirectly cause

waste formation. Examples of agent material functions include

• solvents

• reaction enablers

• reaction stoppers.

Agent materials may contaminate process streams, products and effluents.

Examples of applications of agent materials in reactors include

• use of mercury in chlor-alkali production. This causes a range of

environmental problems due to toxicity of mercury through product

and effluent contamination.

• use of a reaction stopper to stop a runaway reaction in PVC reactor.

While successful in halting the runaway, the batch of PVC becomes

contaminated and unfit for sale.

4.11 Case Examples

Table 4.2 shows some common chemical processes where sources of waste

generation in reactors and waste minimisation strategies previous discussed

are seen to apply. The processes are then discussed in this context. The

Table 4.2 Waste sources and waste minimisation strategies in selected chemical

process examples

Hg cell HCN,
Waste source Strategy Cl2/NaOH C2H4 NaCN H2SO4 PVC

Feed impurity **** **** ****

Purify feed **** **** ****

Incomplete conversion **** **** **** **** ****

Recycle feedstock **** **** **** ****

Secondary reactions **** **** ****

Reversible reaction ****

Catalyst degradation **** ****

Agent materials **** ****

Static mixer **** **** ****

Waste heat boiler **** **** ****

Direct quench ****

Note: **** denotes that the waste source or strategy is applicable for the particular process.
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processes also provide useful examples of waste minimisation in separation

processes, energy use, materials recycling, and plant operations referred to

in later chapters of Part B.

4.12 Chlor-Alkali Production in Mercury Cell

Figure 4.1 shows the reaction system for a chlor-alkali plant using mercury

cells to produce chlorine, caustic soda, and hydrogen. The reaction system

comprisesmultiplemercury cells arranged in parallel to achieve the required

plant production capacity. Each mercury cell comprises two reactors, a

brine cell, and a soda cell. Direct current electricity is supplied through a

transformer rectifier to the brine cell. The chemical reactions occurring in

each cell are as follows:

Brine cell reactions: Na+ + e− Hg−→ Na/Hg

Cl− −→ 0.5Cl2 + e−

Soda cell reaction: Na/Hg+ H2O −→ NaOH+ 0.5H2

Figure 4.1 Simplified flow diagram for a mercury cell reaction system.
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Mercury acts as a cathode in the brine cell and flows along the steel base of

the rectangular cell in which titanium anodes are set. The sodium amalgam

leaves the brine cell and flows to the soda cell where water is added to form

caustic soda and hydrogen. The sodium-free mercury is pumped back to the

brine cell. Sodium chloride conversion is incomplete in the brine cell; de-

pleted brine is dechlorinated by vacuum or air stripping, and reconcentrated

by fresh salt addition. Calcium and magnesium impurities in the brine are

removed by precipitation, gravity settling and filtration. Calcium is removed

as calcium carbonate andmagnesium asmagnesium hydroxide; the resulting

insoluble salts are removed with some brine as a purge stream.

4.12.1 Transport Paths

Mercury exists in three forms: elemental mercury, inorganic mercury

compounds (primarily mercuric chloride), and organic mercury compounds

(primarily methyl mercury). Each form is toxic, and exhibits distinct health

effects. Mercury is a pollutant of concern due to its persistence in the

environment, potential to bio-accumulate, and toxicity to humans and

the environment. Useful references on the environmental properties of

mercury can be found at http://www.epa.gov/ttn/atw/hlthef/mercury.html

and www.osha.gov/SLTC/mercury/index.html.

It is important to identify the potential paths of a toxic species from a

process to the environment. In the case of mercury in chlor-alkali plants,

contamination of products such as caustic soda or hydrogen implies potential

contamination for downstream processes and products. Contamination of

other process streams and hence effluents, as well as emissions to the

environment due to loss of containment, are also of concern. Transfer paths

for mercury to the environment include

(i) from brine cell:

• leakage from equipment and piping handling the recycle brine

stream

• purge containing CaCO3 and Mg(OH)2 from the brine circuit

• gas stream leaving the dechlorinator in the return brine circuit

prior to alkaline scrubbing (of waste chlorine streams)

• spillage and evaporation during periodic cell maintenance and

cleaning

(ii) from soda cell:

• leakage from mercury pump seal failure and piping in mercury

reticulation
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• contamination of caustic soda product

• contamination of hydrogen product

• contamination of plant by-products, for example, hydrochloric acid

(from hydrogen and chlorine) and sodium hypochlorite (from

chlorine and caustic soda)

• spillage and evaporation during periodic cell maintenance and

cleaning.

Mercury can be largely removed from the caustic soda by filtration

through activated carbon, and from the hydrogen stream by adsorption

onto carbon impregnated with sulphur. In both these cases, however, there

remains the problem of either

• disposal of the carbon residues contaminated with mercury or

• attempting to recover the mercury from the carbon residues.

The preventive solution lies in replacing mercury cell technology with
membrane cell technology. The membrane, shown in Fig. 4.2, allows

passage of sodium ions but not chloride ions or hydroxide ions. By

eliminating the environmentally harmful mercury species from the process,

all mercurywaste streams are eliminated.Membranes are separation devices

increasingly used in the process industries in a wide range of applications,

including those achieving environmental improvement. Membranes are an

example of innovative technology undergoing rapid change in recent years.

The nature, performance characteristics, and configurations of membranes

in separations, as well as related performance modelling, are discussed by

Smith (2005).

Mercury cell chlorine plants are gradually being replaced by membrane

plants worldwide. In 2007, mercury-based plants accounted for 37.7%

Figure 4.2 Schematic diagram of membrane cell.
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of European chlorine capacity; 42 mercury-based plants remained to

be converted or phased out by 2020 at a cost of EUR 30,000 million.

(http://www.eurochlor.org).

Mercury is present in many fossil fuels including coal, natural gas and

petroleum, and minerals such as bauxite and zinc sulphide ores. While the

concentrations of mercury in these cases may be small, the effective removal

of mercury and avoiding its transfer to the environment is a challenging task.

Mercury sources and emissions are discussed in the context of industrial

ecology by Allen (2004). A case problem on utilisation of by-product

hydrogen from chlorine plants involvingmercury removal is provided in Part

D of this book.

4.12.2 Other Aspects of the Mercury Cell Chlorine Process

Apart from use of a toxic agent material, there are other examples of reactor

waste sources in chlor-alkali production.

Secondary reactions can occur in the brine cell, involving hydrogen

production. At >3% hydrogen in chlorine gas, a gas explosion can occur.

Hydrogen formation in the brine cell can be reduced by brine purification,
especially by limiting calcium and magnesium concentrations. Raw salt

quality can be improved by washing immediately after harvesting. Typical

salt composition from Dampier, Western Australia contains approximately

99.75% NaCl, 0.04% calcium, and 0.025% magnesium by weight on a dry

basis. The removal of calcium and magnesium from brine involves some salt

losses and (in the case of mercury cells somemercury losses) through sludge

or filter cake removal.

There is also limited conversion (around 15%) of feed brine (∼26% NaCl)

to chlorine in the chlorine cell; the depleted brine (∼22% NaCl) is recycled,
resaturated, and purified.

4.13 Ethylene Manufacture from Hydrocarbons

Ethylene can be manufactured from paraffin hydrocarbon feedstocks,

ranging from ethane, through LPG and naphtha, to gas oil. As the molecular

weight of the feedstock increases, the tonnages of co-products (propylene,

butadiene, petrol) increases. The capital cost of the plant also increases,

principally due to increased separation and handling of the larger co-product

quantities.
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Figure 4.3 Simplified flow diagram for making ethylene from ethane. Reprinted

with permission from Qenos.

Figure 4.3 shows a simplified flow sheet for ethylene production from

ethane. The reaction in the furnace reactor has a short residence time

(<1 second). Steam is added as a diluent, reducing the hydrocarbon

concentration, to increase ethylene yield and minimise carbon deposition

in the reactor. A conversion of ethane between 60% and 70% by weight

is typically achieved. Rapid cooling of the reaction gases is necessary to

minimise side reactions.

A typical once-through yield pattern for a steam cracking furnace with

ethane, butane, or naphtha feed is shown in Table 4.3. The yield pattern indi-

cated in the table is based on a range of data extracted from Ullmann (2002),

Kirk and Othmer (1994), Mouljin, Makkee, and Van Diepen (2001), and the

Qenos website. Once-through yield of ethylene using ethane feed approxi-

mates 52% by weight. By recycling unreacted ethane, assuming all ethane is

cracked to extinction, ethylene yield typically approximates 77% by weight.

The key process steps can be summarised as

• high temperature reaction (approximately 900◦C) where ethane in
the presence of steam is converted in a furnace reactor to ethylene

and hydrogen C2H6 → C2H4 + H2
• rapid cooling of reaction products with waste heat recovery enabling

high pressure steam generation
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Table 4.3 Typical once through yield pattern for ethane, butane, and

naphtha feedstocks (mass basis)

Feedstock

Product Ethane Butane Naphtha

Hydrogen 4 1.1 0.94

Methane 3.5 19.9 14.7

Acetylene 0.5 0.5 0.52

Ethylene 52.1 37.0 29.1

Ethane 35.0 3.7 3.7

Propylene 1.1 17.1 15.9

Butadiene 1.7 4.2 4.9

Butene 0.2 4.3 4.6

Butane 0.2 6.1 0.5

Benzene 0.7 2.5 6.8

Other CxHy 0.5 1.0 7.1

Gasoline 0.3 1.8 8.1

Fuel oil 0.2 0.8 3.1

Total 100 100 100.0

• quenching the cooled gases leaving the waste heat boiler by direct

contact with water

• compression and purification to remove CO2, H2S, C2H2, and water

• chilling by refrigeration, usually using ethylene and propylene

refrigerants available from the plant

• a distillation sequence to separate methane/hydrogen, ethane,

ethylene, and heavier hydrocarbons

• recycle of separated ethane to the reactor feed.

4.14 Hydrogen Cyanide Manufacture from Ammonia,
Methane, and Air

Hydrogen cyanide (HCN) is manufactured by the reaction of methane with

ammonia and oxygen in the Andrussow process. HCN is an intermediate for

making a number of chemicals. One key chemical is sodium cyanide, used for

the extraction of gold from ores.

The main reaction occurs around 1150◦C over a platinum rhodium

catalyst

CH4 + 1.5O2 + NH3 → HCN+ 3H2O− 481.9 kJ/mol
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Table 4.4 Estimate of post reactor gas concen-

trations for Andrussow process

Component Concentration by volume

HCN 7.8%

NH3 2.3%

H2 15.0%

N2 49.0%

CH4 0.5%

CO 3.9%

H2O 21.1%

CO2 0.4%

A static mixer is used upstream of the reactor to ensure uniform gas

concentration and temperature of the reactor feed and also to avoid any

regions of flammable mixtures in the reactor feed.

Raw materials conversion is incomplete and some secondary reactions

occur. Estimates in Ullmann (2002) and Kirk and Othmer (1994) indicate

small concentrations of unreacted ammonia and methane, significant

concentrations of hydrogen, and smaller concentrations of carbon monoxide

and carbon dioxide present in gas leaving the reactor. Hydrogen is present

because of incomplete oxidation of the hydrogen present in the methane and

ammonia feedstocks. Table 4.4 provides an indicative composition of post

reactor gas based on estimates drawn from Ullmann and Kirk and Othmer.

Reaction is followed immediately by rapid cooling of gases in a waste heat

boiler. The rapid cooling is undertaken to prevent hydrogen cyanide decom-

position, but allows process heat recoverywith steam generation. Some liter-

ature flow sheets show recycling of unreacted ammonia through an absorp-

tion stripping process, as indicated on Fig. 4.4. Finally, HCN is absorbed in

Natural gas

Caustic soda

Recycle ammonia

Air
Ammonia

SIMPLIFIED DIAGRAM OF ANDRUSSOW PROCESS

Waste gases to
incinerator

Sodium cyanide
liquor for sales
or conversion to
solid product

Figure 4.4 Simplified diagram of Andrussow process for HCN manufacture.
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caustic soda solution, where sodium cyanide is the product, or alternatively

in water for subsequent stripping, where other products are manufactured.

Feed purification Natural gas is the usual methane source for the Andrus-

sow process. Natural gas is normally distributed by pipeline as sales gas for

generalised industrial, commercial, and domestic use. A typical composition

by volume of sales gas is

90.6% CH4
5.6% C2H6
0.8% C3H8
0.2% C4H10
1.1% N2
1.7% CO2.

Even when meeting sales gas specification for natural gas, the natural gas

feed needs to be purified to remove heavier hydrocarbons (C2
+), carbon

dioxide, and small quantities of sulphur prior to the main reaction. Sulphur

is removed to avoid poisoning the catalyst which would lower conversion

rates. Heavier hydrocarbons are removed to reduce carbon deposition on

the catalyst. CO2 is removed to avoid formation of sodium carbonate during

absorption of the HCN in alkaline solution. Sodium carbonate is difficult

to separate from sodium cyanide and becomes a product impurity as well

as consuming additional sodium hydroxide. Air, as the source of oxygen, is

filtered to protect the reactor catalyst from air-borne particles.

4.15 Sulphuric Acid Manufacture

In some cases where reactant conversion is limited, reactant recycle is not

viable. An example occurs in sulphuric acid manufacture, where separation

of SO2 (from N2) and its subsequent recycle would be both complex and

costly. Sulphuric acidmanufacture is an example of a processwith a reversible
reaction where one reactant, sulphur dioxide, is a pollutant. In this case,
reliance is placed on increased reactant conversion without resorting to

recycle.

Main reactions involve the reversible oxidation of sulphur dioxide to

sulphur trioxide:

SO2 + 0.5O2 � SO3 �H = −298.3 kJ/mol
and the subsequent reaction of sulphur trioxide with water which occurs

immediately following the absorption of sulphur trioxide in 98% sulphuric
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acid:

SO3 + H2O → H2SO4 �H = −130.4 kJ/mol
Commercial feedstocks for sulphuric acid manufacture are sulphur, or

alternatively sulphur dioxide formed during smelting of mineral sulphide

ores. Figure 4.5 shows a simplified process flow diagram for manufacture of

sulphuric acid from sulphur. Where sulphur is the feedstock, heat is liberated

from the combustion of molten sulphur in air within a sulphur burner. The

temperature of the sulphur dioxide containing gases (SO2, N2, O2) leaving

the sulphur burner is around 1000◦C; these gases are cooled in a waste heat
boiler to around 430◦C for feeding to the first reaction stage. The reactor in
sulphuric acid plants is often referred to as a ‘converter’.

Reactor temperature control and cooling between reaction stages allows

• optimal inlet temperatures to reaction stages (∼430◦C)
• waste heat recovery with steam generation (sulphur feed) or feed

preheat (metallurgical source of SO2).

Reactor temperature and reactant concentration control have sometimes

been achieved using air dilution, providing both cooling and increased

oxygen concentration.

While higher pressure would favour the equilibrium of the forward SO2
oxidation reaction, low pressure plants are generally adopted for sulphuric

acid for the practical advantage of avoiding pressure vessels.

Product removal between reaction stages by intermediate absorption of

SO3 favours equilibrium for the forward SO2 oxidation reaction at the final

reaction stage. The result is a greater overall conversion of SO2 to H2SO4.

Absorption occurs most favourably at an acid inlet temperature of 80◦C and
gas inlet temperature of 220◦C.

Increasing the number of reaction stages increases the overall conversion

of SO2 to SO3; reaction stages have been increased inmore recent plants from

4 to 5.

High pressure steam generated in a sulphur burning plant can be used

for generating electricity which exceeds the plant’s requirements; surplus

electricity can be exported to the grid. Low pressure steam can be used for

heating within the plant, for example, in melting sulphur for feeding to the

sulphur burner.

Other features of sulphuric acid plants include

• integrated acid circulation circuits with concentrated sulphuric acid

used in both drying and absorption columns; moisture in incoming

air contributes to water make-up for raw material needs
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Figure 4.5 Simplified flow diagram for sulphur burning sulphuric acid plant. Reprinted by permission of Simon-Carves.
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• provision of entrainment and mist removal devices

• layer of packing to remove entrained liquid in drying column

• demisters to remove mist in absorption column

• heat removal in drying and absorbing acid circuits, reflecting the

exothermic nature of acid dilution (drying) and SO3 absorption in

water (absorbing).

Metallurgical plants The flow sheet shown in Fig. 4.5 is for a sulphur

burning plant. An alternative and common source of SO2 is the smelting or

roasting of sulphide ores (e.g., Pb, Zn, Cu, Ni). Downstream of the ore roaster

and upstream of the acid plant,

• heat is recovered from the combustion of the metal sulphide and

used for steam generation

• dust is recovered (for its mineral value)

• gas is further cooled and cleaned prior to feeding to the acid plant.

Gas cleaning comprises aqueous scrubbing followed by wet electrostatic

precipitators. Gas cleaning is important for removal of heavy metal

compounds derived from themineral sulphide ore which would contaminate

the product acid. After cleaning, gas enters the drying column of the acid

plant at around ambient temperature and saturated with water. After drying,

the gas is heated to reactor temperature (∼430◦C) by exchanging heat with
hot gas leaving the reactor.

Aspects of sulphuric acid manufacture are further discussed in Chapters

9 (in the context of plant start up) and 14 (in the context of enviroeconomic

assessment). More detailed discussion of sulphuric acid manufacturing

technology is provided in Mouljin et al. (2001), Twigg (1989), and Ullmann
(2002).

4.16 PVC Production by Suspension Polymerisation of Vinyl
Chloride Monomer

Polymerisation of vinyl chloride monomer (VCM) to produce poly-vinyl

chloride (PVC) is a batch process. Figure 4.6 shows a simplified flow sheet

for PVC manufacture. VCM and water are charged to the reactor. A protective

colloid is added as a suspending agent. The vessel contents are agitated,

dispersing the VCM as liquid droplets within the water. The mixture is then

heated to the required temperature for reaction, and the polymerisation

initiated using a free radical initiator. The reaction is exothermic and
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Figure 4.6 Simplified process flow diagram of PVC plant. Reprinted with permis-

sion from Australian Vinyls Corporation.

heat is removed from the reactor, commonly by cooling water circulating

through an external jacket; in some cases additional heat transfer surfaces

may be provided. As the batch reaction proceeds and conversion of VCM

progressively increases, the reaction rate slows. It is generally uneconomic to

proceed beyond a conversion of around 90%. At this point the batch reaction

is terminated.

Unconverted VCM is then separated and recovered for use in subsequent

batches. Recovery is achieved by first degassing the polymer solution which

is discharged from the reactor under reduced pressure, followed by stripping

residual VCM from the polymer in a steam stripping column. VCM is then

separated from water, and recovered by compression and refrigeration. PVC

from the steam stripping column is passed through a centrifuge and then

a dryer to achieve the required moisture content for the PVC product. The

PVC product, either in bulk or packaged form, is finally transported for

distribution to users.

The process is of interest in several aspects. Firstly, it is an example of a

batch reaction process, where the reaction batches are sequenced to enable
continuous processing for VCM recovery and PVC dewatering and drying.

Secondly, it is a case where conversion is limited by reaction kinetics

and economic considerations; this requires additional processing of VCM, a

known carcinogen and flammablematerial. Any unrecovered VCM in the vent

stream from the liquefaction plant is normally incinerated.
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Thirdly, the exothermic nature of the reaction provides risk of a
runaway reaction. Should a runaway reaction occur, a reaction stopping

agent, 4-tertiary-butyl-catechol, removes the free radicals necessary for

polymerisation. Addition of this agent, however, renders the PVC from the

batch unsaleable.

Fourthly, the process provides an example of the need to clean a reactor

between batches. In the case of the PVC reactor, the cleaning should be

carried out on a sealed reactor to avoid exposure of plant personnel to VCM.

There is need to rinse out residual PVC from the reactor with flush water,

since residual PVC would

• lead to a downgraded product in a subsequent batch

• prevent effective coating of reactor internals with build-up suppres-

sant (necessary to avoid accumulated deposit of PVC solid during the

batch).

Finally, the process is a large consumer of water, mainly through additions
in the reactor and through evaporative losses from cooling water towers.

Water consumed in an operating plant could be as high as 5 tonne per tonne

of PVC.

4.17 Concluding Remarks

The five cases discussed show examples of waste generated in reactors

within chemical processes, and steps to minimise such waste. Some

implications of the generation of waste in the reactor for the complete

process have also been identified. These cases are broadly indicative of

reactor waste generation and its implications in the wider spectrum of

industrial chemical processes.
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Chapter 5

Waste Minimisation in Separation Processes

5.1 Classification of Separation Processes

The separation of different materials is an integral part of all industrial

processes. Separation processes are required to purify naturally occurring

minerals and fossil fuels prior to their use as feedstocks and fuels. Separation

processes are required downstream of chemical reactors, to ensure desired

products are separated from unreacted feedstocks and undesired side

products. Separation processes are widely used to achieve required product

quality, and to ensure any emissions to the environment meet regulatory

standards. Incomplete separation can have adverse consequences within a

process, in a product manufacturing chain, and in product use.

Separation processes can involve

• separation of distinct phases, for example, liquid from solids by

settling, filtration, drying

• separation of components from a gas stream, for example, by gas

absorption, pressure swing adsorption, membrane separation

• separation of components from a liquid stream, for example, by

evaporation, distillation, membrane separation.

Separation processes are sometimes classified by their application to

heterogeneous (multiphase) or homogeneous (single phase) mixtures (Smith,
2005). For homogeneous mixtures, separation can be achieved by

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
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• creating a separate phase through

� vaporisation or boiling

� condensation

� crystallisation

• vapour–liquid separation through

� distillation

� evaporation

• using extraneous materials as mass separating agents in

� absorption

� stripping

� liquid–liquid extraction

� adsorption

� drying.

5.2 Sources of Waste in Separation Processes

Wastes are frequently generated in separation processes

• directly from imperfect separations

• indirectly through consumption of energy or utilities

• from use of extraneous materials such as solvents, adsorbents, filter

aids, membranes.

Wastes are generated in normal operation in accordance with design intent,

but also in abnormal operation, and in start-up and shut-down procedures.

The sources of waste generation in separation processes must be

identified before taking steps to minimise the waste. Different separation

methods typically generate waste in distinct ways, as discussed below. Apart

from these waste sources characteristic of specific separation methods,

energy consumption is common to all separation equipment. Energy may

be consumed directly as a utility, or indirectly through pressure loss due
to flow through equipment which contributes to compression or pumping

energy. Energy or utility consumption implies a spectrum of impacts through

resources consumed and wastes emitted in providing the utility. Resource

consumption and waste generation in utility systems are explored in

Chapter 6.

Some main sources of waste are now identified in selected unit

operations. The term ‘utility wastes’ denotes that a range of wastes are

generated attributable to the use of a specific utility.
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5.3 Distillation

Distillation relies on the use of heat to separate two or more components

of different relative volatility. Distillation is carried out in a vapour–liquid

contacting column which may be packed or tray. Figure 5.1 shows a

simplified diagram for the separation of two components by distillation in

a tray column.

Potential sources of waste generation in distillation include

• characteristic utilitywastes derived fromutility use in the condenser

and reboiler, and in the pumping of feed and reflux streams

• accumulation of non-volatiles in the reboiler

• accumulation of non-condensables in the condenser

• fouling of heat exchangers and distillation column internals

• out of specification product through loss of control or abnormal

operation

• possible contamination of a heating or cooling utility, or a process

stream through heat exchanger leakage

• aqueous effluents contaminated with organics resulting from live

steam injection (live steam injection is an alternative to using a

reboiler where aqueous mixtures are distilled)

• contamination of streams resulting from use of entrainers in

azeotropic distillation.

Energy is consumed through the use of utilities in the following aspects:

Energy use Typical utility Wastes
Reboiler Steam, fuel Utility wastes

Condenser Cooling water Utility wastes

Pumping (feed, product, reflux) Electricity Utility wastes

Energy consumption is influenced by the degree of difficulty in

separation. For a single distillation column, a number of design decisions

relate to the ease of separation. One example is the choice of reflux ratio, the

ratio of flow rate of overhead condensate returned to the top of the column

to the flow rate of overhead product. In selecting the reflux ratio, there is a

trade-off between capital cost and energy consumption. As the reflux ratio

is increased, the number of trays required is reduced, reducing the height of

the column but marginally increasing its diameter, and increasing the utility

requirements for both boiling and condensing duties.
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 weir

Figure 5.1 Binary distillation tray columnwith ancillary equipment and alternative

tray and weir designs. Weirs enable retention of liquid on trays. Trays enable vapour–

liquid contact for mass transfer.
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Trade-offs also exist between the extent of separation and cost. In these

cases, the process designer should also consider the costs of any effluent

treatment or disposal and the associated environmental burdens.

5.4 Gas Absorption

Gas absorption relies on the relative solubility of one component of a gas

stream (the solute) in a liquid absorbent (the solvent). A simplified diagram

for a gas absorption system is shown in Fig. 5.2.

Gas absorption, like distillation, occurs in a vapour–liquid contacting

column. The absorption of the gas in the liquid solvent may be physical (e.g.,

absorption of acetone vapour inwater) ormay be accompanied by a chemical

Gas out

COLUMN
Entrainment or mist

removal

Main
packing

Gas in

Coolant

Fresh solvent
make-up

Product
or

purge
stream

PUMP

HEAT
EXCHANGER

Figure 5.2 Gas absorption in packed column with external cooling.
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reaction (e.g., absorption of chlorine gas in aqueous sodium hydroxide to

form sodium hypochlorite). In the system shown in Fig. 5.2, gas absorption

occurs in a packed column and is exothermic, with heat removed externally in

the solvent recirculation loop. Fresh solvent is added to the circulation loop,

and a product or purge stream removed.

Possible sources of waste generated in gas absorption operations include

• effluent gas contamination by unabsorbed species (incomplete

absorption)

• solvent entrainment in gas leaving the absorption column

• purge from circulating solvent where the purge has no market

• build up of contaminants in recirculating solvent; contaminants

could be introduced from the gas stream, or could accumulate as

corrosion products.

The extent of absorption can be increased by lowering the temperature

and increasing the pressure in the absorption column. These initiatives,

however, typically involve increased energy consumption which must be

considered. Energy consumption is also influenced by column pressure

drop, which increases with the increased packing height and column height

required for more difficult absorption duties. Column internals other than

packing also contribute to pressure drop in the column.

Energy is consumed in gas absorption arising from gas and liquid

transport, apart from any heat removal considerations derived from

exothermic absorptions.

Energy use Typical utility Wastes
Gas transport Electricity Utility wastes

Liquid pumping Electricity Utility wastes

Additional energy is consumed in solvent regeneration for those systems

involving absorption and subsequent stripping of solvent to recover the

absorbed gas. In such cases, the stripping column acts as a distillation

column, and involves energy consumption andwastes inherent in distillation.

Figure 5.3 shows a combined absorption stripping system for solvent

recovery from a gas stream. In this example, live steam is used, avoiding

the cost of a reboiler; a downside of using live steam in this case is

the creation of an aqueous effluent resulting from the resulting water

imbalance.

Some case examples of gas absorption are discussed later in this

chapter.
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Figure 5.3 Simplified flow diagram for absorption-stripping plant used for acetone recovery.
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5.5 Adsorption

Adsorption involves separation of components by adsorbing one component,

the adsorbate onto the surface of a solid material, the adsorbent (Smith,
2005).

Adsorption is commonly used for separating components in gases, but can

also be applied for separating components in liquids. Adsorption can occur

as

• physical adsorption, where physical bonds are formed between

adsorbent and adsorbate

• chemical adsorption, where chemical bonds are formed between

adsorbent and the adsorbate.

Common examples of adsorbents include

• activated carbon, a highly porous solid made from a range of

carbonaceous materials

• silica gel, a porous amorphous form of silica

• activated alumina, a porous solid with high surface area

• molecular sieve zeolites, crystalline aluminosilicates where adsorp-

tion occurs within the crystals.

Applications of physical adsorption include

• separating hydrogen from hydrocarbons in the hydrogen rich by-

product of a catalytic reforming unit

• separating hydrogen from carbon dioxide in hydrogen manufacture

by steam reforming of methane

• separating water vapour from hydrocarbons in ethylene manufac-

ture

• recovering organic solvents from gases.

Adsorption is normally carried out using several beds operating in

a sequence. When the adsorptive capacity of adsorbent in one bed is

spent, the adsorbate is released by pressure reduction (pressure swing)

or temperature increase (temperature swing) or use of steam. Effective

recovery of adsorbate from loaded adsorbent is an important consideration

in the regeneration stage. This often involves condensing the regeneration

stream to recover the adsorbate. Where the adsorbate is an organic solvent,

separation of condensed solvent fromwater is required often involving a vent

stream and some contamination of the water.
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Applications of chemical adsorption include removal of mercury vapour

from natural gas, or from hydrogen produced in mercury cell chlorine plants,

where carbon impregnated with sulphur is often used as the adsorbent.

Adsorbed mercury reacts with sulphur to formmercuric sulphide.

Possible sources of waste in adsorption include

• incomplete adsorption of the adsorbate during the adsorption cycle

• incomplete recovery of adsorbate from the regeneration stream

during regeneration

• disposal of spent adsorbents.

Energy can be consumed in adsorption in a number of aspects.

Energy use Utility Waste
Fluid transport through bed Electricity Utility wastes

Regeneration Electricity, fuel or steam Utility wastes

Chemical recovery from

regeneration stream Cooling water Utility wastes

5.6 Filtration

Filtration is commonly used to separate a solid from a liquid. A wide range of

filtration equipment is available. Filter aid materials are sometimes added,

either as precoat to the filter medium, or as body feed, to aid the flow of

liquid through the retained solid (or ‘filter cake’). Separated solid and liquid

streams may both have economic values, but often either the solid or liquid

stream has no market and is a waste. Characteristic sources of waste in

filtration include

• cake washing, which can lead to contamination of wash liquor by

impurities from the filter cake

• disposal of filter aid

• treatment and disposal of solidmaterial from the filtration where no

market exists for solid product

• filtrate contamination through filter medium failure

• liquid material separated from the filtration, where nomarket exists

for the liquid.

Energy is consumed in moving the solid–liquid suspension through the

filter medium.
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Energy use Utilities Wastes
Pumping Electricity Utility wastes

Vacuum (in some cases) Electricity or steam Utility wastes

5.6.1 Centrifugal Separation

Centrifuges are an alternative to filters for solids–liquid separations. Wastes

are characteristically generated by

• solids washing

• spillage.

Energy is consumed in conveying liquid and solid materials and in the

high speed rotation of the centrifuge.

Energy use Utilities Wastes
Centrifugal action Electricity Utility wastes

Liquid, solids conveying Electricity Utility wastes

If not suppressed, noise generated by high speed (up to 10,000 rpm) can
prove an environmental or occupational safety impact.

5.6.2 Filtration of Solids from Gas Streams

Particulate solids are often present in gas streams, as a result of entrainment

from other operations such as solids drying. Cyclones, which involve no

moving parts, effect separation by tangential gas entry creating a centrifugal

field. Cyclones are effective in removing the larger and heavier particles.

For finer particles, electrostatic precipitators and bag filters achieve high

separation efficiency. Energy consumption arising from fluid flow through

equipment is again a source of utility waste.

5.6.3 Separation of Liquid Particulates from Gas Streams

Entrainment of liquid particulates in gas streams is common in a number

of process operations. Examples include gas–liquid contacting devices used

for gas absorption and distillation, vapour liquid separation vessels including

steam drums, and heat exchangers where liquid is condensed from a gas

stream during cooling. A distinction is sometimes made between spray
(where the liquid particulate size is in the range 10 μm to >1000 μm) and

mist (where the liquid particulate size is in the range (10 μm to 0.01 μm).
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The finer the liquid particles, the more difficult the separation, and the more

complex and costly the separation equipment required.

Mists are usually formed in three ways:

• mechanical shearing of films, droplets or bubbles

• cooling and subsequent condensation of liquid particles from a gas

• chemical reaction of two or more gases to form a product with a

relatively low vapour pressure which condenses from the gas.

The mechanism of mist formation and selection of mist elimination

equipment is discussed by Ziebold (2000). Energy consumed by the passage

of gas through the mist eliminator is again a source of utility waste.

5.7 Drying

Wet solid materials are dried in a range of equipment, often involving

transfer of moisture from the wet solid to gas (commonly air). In such cases,

characteristic sources of waste include

• solids loss through entrainment in gas

• fouling of heat transfer surfaces

• cleaning of deposits

• product degradation due to heat effects, particle degradation.

Energy consumption occurs both through heating and materials trans-

port.

Energy use Utilities Wastes
Heating Steam or fuel Utility wastes

Transport of gas, solids Electricity Utility wastes

Liquids can also be converted to solids through spray drying which is

widely employed in the dairy industry. The term drying has also been used

to describe the removal of water from gases. This usually requires an agent

material. An example of gas drying using an agent material is given in Section

5.11.

5.8 Evaporation and Condensation

Evaporation of aqueous solutions is used as a means of increasing the

concentration of a component in a solution. Sometimes evaporation is used
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as a precursor to crystallisation and/or drying of a solid product. Where

heat-sensitive liquids are involved, vacuum evaporation is often employed

to lower process temperatures. Wastes generated in evaporation typically

involve

• products of fouling or cleaning arising from deposits caused by

concentration and temperature effects

• concentration of non-volatile impurities in the evaporated liquid,

and any associated purges

• product loss through entrainment of liquid in vapour.

There are several sources of energy required.

Energy use Utilities Wastes
Heating medium Steam Utility wastes

Liquid circulation Electricity Utility wastes

Vapour recompression Electricity Utility wastes

Vacuum generation Electricity or steam Utility wastes

Opportunities for energy conservation exist through using evaporated

steam as a heatingmedium for subsequent stages of evaporation. Evaporated

steam is sometimes compressed to achieve higher steam temperatures for

heating in subsequent stages of evaporation.

Condensation by cooling can also be used as a means of partially

separating components of different vapour pressure from a vapour stream.

Residual separation tasks may still result if the condensate contains multiple

components, or if further removal of a component from the vapour stream

is required. Condensation is an important adjunct to other separation

processes such as distillation and adsorption.

5.9 Solid–Liquid Extraction

Solid–liquid extraction involves the separation of desired solids from solid

residues using a suitable solvent. Thus hot water is used with coffee grounds

to extract coffee, while acids or alkalis are used to leach valuable ores

from mined materials. In ore leaching, agitated vessels are commonly used

to achieve solid liquid contact; heat is sometimes used to speed the rate

of solid dissolution. Common sources of waste in solid–liquid extraction

include
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• disposal of exhausted solids

• leakage, spillage, purge of solvent

• corrosion products, for example, in acid leaching of minerals.

There are several sources of energy required.

Energy use Utilities Wastes
Liquid pumping Electricity Utility wastes

Agitation Electricity Utility wastes

Heat (in some cases) Steam Utility wastes

5.10 Liquid–Liquid Extraction

Perforated plate columns, centrifugal extractors or mixer-settler units are

commonly used to enable transfer of a solute from one immiscible liquid

phase to another. Characteristic wastes generated include

• contaminants concentrating at the liquid–liquid interface

• liquid losses, spillages

• contamination of solvent

• contamination of aqueous product streams.

There are two sources of energy required.

Energy use Utilities Wastes
Liquid pumping Electricity Utility wastes

Agitation Electricity Utility wastes

5.11 Use of Extraneous Materials

As observed for reactors in Chapter 4, the use of extraneous materials in

separation processes can also lead to product contamination and waste

generation. Waste generation applies particularly to spent extraneous ma-

terial. Extraneous materials have been used industrially because they offer

specific technical and economic advantages. However, the environmental

consequences of their use are not always fully recognised or evaluated. Some

examples of using extraneous materials in separation processes include

• activated carbon, diatomaceous earth in filtration

• chemicals in flocculation, for example, AlCl3, FeCl3
• poly-electrolytes in sedimentation

• agents used in gas drying.
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Figure 5.4 Simplified block diagram for chlorine purification.

5.11.1 Example of Extraneous Material Use — Sulphuric Acid in
Chlorine Drying

Chlorine gas leaves electrolytic cells typically at around 90◦C, 120 kPa

abs, and saturated with water vapour. Before being stored or transported,

chlorine must be thoroughly dried to avoid corrosion in steel equipment and

piping. A simple block diagram for a commonly used approach to chlorine

drying, compression and liquefaction is shown in Fig. 5.4.

Sulphuric acid (98% w/w) is an effective drying agent for gases,

and is widely used for drying chlorine. The resulting dilute acid is

often a waste product from chlorine plants. Reconcentration of the waste

dilute acid is technically feasible but requires high temperatures and

vacuum, and becomes increasingly difficult when evaporating to higher acid

concentrations. Acid consumption can be minimised by use of refrigeration

in both the cooling and the drying steps, subject to avoiding solid chlorine
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hydrates, which form around 14◦C or lower. The problem of waste sulphuric

acid in chlorine drying is further addressed in Problem 2, Section D.

5.12 Case Examples

Design and operation of both process and equipment can contribute to waste

formation in separation processes. We first consider a case related to column

internals selection in gas absorption equipment. Tray or packed columns are

commonly used for gas absorption. Figure 5.5 shows typical internals for a

packed column.

 

Figure 5.5 Packed tower and internals used for gas–liquid contacting.
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5.12.1 Case Example — Solid Sodium Cyanide Plant

Internals selection in gas–liquid contacting columns (Mudaliar and
Sparrow, 2001)

Figure 4.4 showed a simplified flow sheet for the manufacture of HCN,

a precursor for sodium cyanide manufacture. A sodium cyanide plant at

Yarwun, Queensland, Australia has operated a carbon dioxide removal unit

to remove CO2 from the natural gas feed to the plant. The presence of CO2 in

gas leaving the reactor has two downstream effects, both undesirable:

• Caustic soda is consumed in theHCN absorption step and reactswith

CO2 to produce Na2CO3.

• Na2CO3 is an impurity in the NaCN product, and causes problems in

conversion of the liquid NaCN to solid NaCN product.

In the Yarwun plant, CO2 has been removed in an absorption column using

Benfield solution (aqueous potassium carbonate/bicarbonate, vanadium,

and methylamine). The Benfield solution is subsequently stripped of CO2
in a ‘regenerator’ or stripping column before its re-use in the absorption

column. Problems on the Yarwun plant had been encountered with the

CO2 absorption-stripping system. The absorber and stripper columns are

essentially packed columns with some wash trays at the top for cleaning gas

prior to leaving the columns.

Plant investigations
Investigation of the plant identified some key difficulties. Although CO2 was

being successfully removed from the gas feed, the gas throughput of the

absorber was restricted, limiting plant production capacity. Further, Benfield

solution entrainment in the gas was excessive, contaminating the catalyst

bed in the downstream HCN reactor. The catalyst contamination led to

frequent catalyst changes; this meant considerable plant downtime with loss

of production capacity, and high costs incurred in replacing the expensive

catalyst.

Design changes
These problems were addressed and overcome by some important design

changes, especially in column internals as outlined below.

1. Wash trays in both absorber and stripper columns had been valve

trays. Wash liquor rates across the trays were very low, leading to

someweeping occurring. The trays were effectively operating under ‘dry

flooding’ conditions, with the upward flow of gas entraining liquid as

small droplets.
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Valve trays were replaced by bubble cap trays which proved leak tight,
and offered greater flexibility in terms of open area for gas flow. The

caps also provided some inherent capability in intercepting entrained

liquid. A ‘picket and fence’ design outlet weir (Fig. 5.1) suitable for very
low liquid rates, was used to replace conventional weirs on the tray.

2. A mist eliminator mesh pad was installed above the top tray in each
column. For the absorber, less liquidwas carried over to the downstream

plant. For the stripper, the overhead vapour stream was cleaner, leading

to cleaner recycle wash condensate.

3. Bed limiters were installed above the packing in both columns to prevent
carryover of packing during surges of high gas flow.

4. The liquid distributors in the absorption column were found to have

insufficient gas riser capacity and insufficient liquid distribution points.

New liquid distributors were installed providing an increase in gas riser
area from 20% to 30% of column area and an increase in the number of
liquid distribution points from 100 to 150 drip points per square metre

of tower cross-sectional area.

5. Additional liquid removal capability was provided downstream of

the absorber to remove any residual liquid in the gas leaving the

absorber. This comprised a new high performance cyclone and other

modifications.

Lessons
This case highlights the importance of design and selection of internals for

vapour–liquid contacting towers, and some potential effects of internals on

performance of absorption and distillation systems. While plant capacity

limitations and reliability were of prime concern in this case, the effects

on waste minimisation are also evident, and could be of greater concern in

other absorption and distillation systems. More details of the case including

a process flow diagram for the absorber/stripper unit are provided by

Mudaliar and Sparrow (2001). Details of column internals for gas–liquid

contacting are found in Sinnott and Towler (2009) and could be obtained

from equipment suppliers.

5.12.2 Other Case Examples of Gas Absorption in
Chemical Processes

The removal of carbon dioxide from natural gas using gas absorption is

widely practised in purification plants for wellhead natural gas. Carbon

dioxide removal from flue gas by gas absorption is also part of many design
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schemes for carbon capture from power plants derived from fossil fuels. This

case is addressedwithin Problem 3 in Section D. Gas absorption also features

in common chemical processes, for example,

(i) absorption of SO3 in 98% sulphuric acid in sulphuric acid manufacture

(ii) absorption of water in 98% sulphuric acid solution in gas drying in

sulphuric acid manufacture

(iii) absorption of formaldehyde in water in formaldehyde manufacture

(iv) absorption of HCN in aqueous NaCN manufacture

(v) absorption of NO2 in water in nitric acid manufacture.

It is important to note the process stream configuration around the

absorption column in each application. Figure 5.2 showed a typical case

of a gas absorption column arrangement. The solvent leaving the column

base is recirculated to the top of the packing with both addition of the

solvent and removal of product in the solvent recirculation loop. Where

absorption is exothermic, heat is usually removed in an external heat

exchanger. Consideration should be given in design and operation to the

consequences of solvent loss, as well as incomplete removal of the absorbed

species from the gas feed. Incomplete absorption is one aspect of Problem 3

in Section B, on waste minimisation in nitric acid manufacture.

5.12.3 Case Examples in Distillation

Distillation operations in industry are common in petroleum refining,

petrochemical, and organic chemical process operations. Often the sep-

arations are complex and involve trade-offs between capital cost and

separation efficiency. Ethylene manufacture (Fig. 4.3) involves a sequence of

separations by distillation under pressure and refrigeration conditions. One

key separation is that of ethylene product from unreacted ethane, which is

recycled to the steam cracking reactor to supplement fresh feedstock.

A further case example occurs in ethanol distillation within the process
for producing fuel ethanol from sugar based feedstocks. Fuel ethanol is

commonly blended as a 10% by volume component with gasoline for the

automobile fuel market. The sugar based feedstock is converted to ethanol

by fermentation, but the stream leaving the fermenter contains typically less

than 10%w/w C2H5OH and may be considerably lower, at around 4% to 6%

w/w C2H5OH. Much of the water present can be separated by distillation but

an azeotrope in the C2H5OH–H2O system forms at around 90%w/wC2H5OH.

Stringent water specifications (typically 0.5% by weight) are applied to fuel

ethanol requiring an essentially anhydrous product.
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Approaches to converting the azeotrope to anhydrous ethanol have

historically involved azeotropic distillation, requiring an entrainer, which

functions as an agent material. Examples of entrainers which have been used

commercially include benzene and more recently cyclohexane. Benzene was

replaced because of its toxic properties. Current approaches favour water

removal by adsorption (discussed in Section 5.5) using molecular sieves.

Impurities in the fermenter effluent (comprising mainly ethanol and

water) which is fed to the distillation step include

• fusel oils (heavier alcohols formed during fermentation), which

must be removed as a purge from around the middle of the column

• non-condensable or volatile components, for example, carbon

dioxide and aldehydes, which are vented from the condenser

• non-volatile components leading to a bottoms effluent streamwhich

requires treatment for markets or disposal.

This case is of interest from a number of perspectives, including the

• replacement of benzene by cyclohexane, an inherently less haz-

ardous entrainer from a safety and environmental viewpoint

• evolution of technology selection from azeotropic distillation to

adsorption using molecular sieves

• use of agent materials (entrainers or molecular sieves) and their

impacts as sources of waste

• range of impurities in the feed to the distillation step and their

contributions to process waste

• combined energy required for the distillation and dehydration steps

and its magnitude in relation to the energy value of ethanol.

5.13 Concluding Remarks

The approach adopted in this chapter serves as a useful guide and

checklist for identifying waste sources and minimising waste in specific sep-

aration processes. The approach can be extended in detail for those separa-

tion processes discussed. The approach can also be applied to separation

processes not discussed in this chapter.

Distinct sources of processwaste apply for different separation processes.

The quantity and composition of wastes often reflect the stringency

and complexity of the separation duty. However, we can make some

generalisations regarding sources of waste in separation processes.
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Wastes occur as a result of

• imperfect separations, reflecting a range of technical and economic

constraints;

• use of agent or extraneous materials such as solvents, filter aids,

adsorbents, or desiccants; such materials ultimately require regen-

eration, treatment or disposal involving a range of environmental

impacts;

• energy consumption, including hot and cold utility use, and

through energy consumed in fluid flow through equipment or as a

consequence of processing at elevated pressures.
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Chapter 6

Identification of Waste in Utility Systems

6.1 Introduction

Process plants need utilities primarily as energy sources. Energy is needed

for

• heating duties including steam, hot oil, other heat transfer fluids, and
direct and indirect heating from hot gases

• cooling duties including cooling water, refrigeration
• electricity for drives on materials transport equipment (pumps,

compressors, solid conveyors), agitators and centrifuges as well as

plant support facilities such as lighting.

Other utility needs include

• nitrogen for purging

• compressed air for a variety of duties

• water for cleaning equipment and plant, and for fire fighting

• vacuum.

Environmental impacts result from the generation, distribution, and con-

sumption of utilities. If a process plant uses a utility, it is indirectly

responsible for impacts incurred in the generation and supply of the utility,

including upstream impacts in the utility life cycle. Main impacts incurred

in utility generation are consumption of fuel and water, and emission of

fuel combustion products and aqueous effluents. Fuel combustion products
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are predominantly gaseous, but coal combustion, for example, generates

large quantities of solid waste. Since utilities are consumed at most stages

of a product’s life cycle, the aggregative effect from utilities in a product’s

environmental footprint is often substantial. Environmental impacts derived

from utility use can be minimised both by

• reducing consumption of utilities on process plants and

• improving the design of the individual utility systems.

Figure 2.4 showed some examples of remote generation and supply of coal

fired electricity, and of natural gas to a process plant. Environmental impacts

in these cases result from

• mining, cleaning, and transport of coal supplied to the power station,

electricity generation, and subsequent electricity transmission

• natural gas extraction, purification, compression, and pipeline

transmission.

Figure 6.1 shows some of the interlinking of fuel and water resources in

the generation of hot and cold utilities and electricity. Electricity generated

from fossil fuels draws on fuel, water, steam, and cooling water. Electricity

in turn is needed to drive boiler feedwater pumps in steam circuits, and

cooling water pumps and air fans in cooling water systems. Electricity is

needed for air blowers in fuel combustion systems. Refrigeration systems

need electricity for gas compressors and cooling water for condensers. We

now explore utilities under the separate headings of fuels, steam, cooling

utilities, electricity, and selected other utilities.

BASIC  RESOURCES        HOT  AND  COLD              ELECTRIC  POWER  
UTILITIES  

   High temperature heating 

Fuel                                          Steam     
Electricity 

Water     
Recirculated
cooling water 

Refrigeration 

Figure 6.1 Some key linkages between fuel, water, and common utilities.
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6.2 Fuels

Fuel combustion provides a key source of energy for domestic, commercial,

and industrial use. Important fuels used in transport, power generation,

heating, and industrial processing include

• natural gas, primarily methane in composition

• liquefied petroleum gas (LPG), primarily liquid propane and butane

• crude oil processed in refineries to mainly liquid transport fuels

• coal, broadly classified as

� lignite or brown coal

� black coal

• bio fuels, for example, bio gas, fuel ethanol, biodiesel.

Transport, power generation, and gas supply are important to the wider

community as direct users. Transport of raw materials and products are

an integral part of industry structure and operations. Fuels are used by the

process industries primarily for

• high temperature heating of process fluids

• steam and electricity generation.

Important drivers for fuel use in industry, commerce, and community include

• supply issues in terms of reliability, quality, and cost

• CO2 and other emissions in fuel combustion

• resource depletion issues for fossil fuels

• possible use of renewable fuels or renewable energy sources.

6.3 Fuel Combustion

Furnaces, incinerators, gas turbines, diesel engines, flare stacks, and

transport vehicle engines all produce waste through combustion products.

The composition and quantity of waste from fuel combustion depends on

the composition and state of the fuel and its mode of combustion. Fuel

combustion wastes commonly include

• SOx , mainly SO2 but occasionally also some SO3
• NOx , mainly as NO and NO2
• CO2, CO

• unburned hydrocarbons

• particulates (entrained in flue gas)

• ash.
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Figure 6.2 Simplified diagram of fuel combustion system with steam generation.

Fuel is combusted in a furnace with excess air. Fans are required for the

combustion air (and in some cases the flue gas) to overcome pressure losses

in the gas stream. In the simplified diagram in Fig. 6.2, heat is recovered from

flue gas to generate steam prior to discharge via a stack to atmosphere. In

some cases particulate removal would occur before or after the boiler.

6.3.1 Heat of Combustion

Two methods are commonly used for reporting heating values (or calorific

values) of fuels. The total heating value (or ‘higher’ or ‘gross’ heating value)

is the heat evolved in the complete combustion of the fuel under constant

pressure at 25◦C when all water initially present in the fuel and in the
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combustion products is condensed to the liquid state. The ‘net’ or ‘lower’

heating value (or calorific value) is similarly defined, except that the final

state of the water after combustion is taken as water vapour at 25◦C.

6.3.2 Excess Air

Fuel is combusted with air (or oxygen, or oxygen enriched air) in excess

of that required stoichiometrically to ensure complete combustion of the

fuel. The presence of carbon monoxide in flue gas indicates that not all the

energy potential from the fuel combustion has been achieved; further, carbon

monoxide is toxic. Excess air ensures all carbon in the fuel is oxidised to

CO2 and all sulphur is oxidised to sulphur dioxide. The amount of excess

air required for complete combustion is greater for solid fuels than gaseous

fuels. Excess air requirements also depend on burner and furnace design.

Excess air is typically 25% for coal combustion, and 10%–15% for gas

combustion. A rule of thumb for excess oxygen content in flue gas is around

3% by volume.

6.4 Common Fuels

‘Wellhead’ gas from gas fields is processed to produce a ‘sales’ gas of

defined properties and composition for reticulation and supply to industrial,

commercial, and domestic consumers. Sales gas composition may vary from

one region to another. Sales gas composition in Victoria, Australia is shown

in Table 6.1. Wellhead gas composition from different gas fields may vary

considerably (see Table 6.2 for examples). Wellhead gas may be produced

from dry wells to produce predominantly gas. Often wellhead gas is found

Table 6.1 Sales gas composition in Victoria, Australia

Component % Vol mg/Nm3 MJ/kg

CH4 90.6

C2H6 5.6

C3H8 0.8

C4H10 0.2

N2 1.1

CO2 1.7

Sulphur 45

Water 60

Lower CV (calorific value) 46.7
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Table 6.2 Examples of variation in natural gas wellhead compositions

Location Ballera Timor sea Bass strait

Purification plant site Southwest Queensland Near Darwin Victoria

Pressure (kPag) 8,000 31,000 7,000

Temperature (◦C) 60 135 23

Molar composition (%)

Methane 61.6 70.7 80.2

Ethane 10.0 7.4 7.0

Propane 3.7 4.6 4.4

i-Butane 0.6 1.2 0.9

n-Butane 1.1 1.7 1.2

i-Pentane 0.3 0.8 0.6

n-Pentane 0.4 0.6 0.6

C6+ 2.6 4.1 2.3

Nitrogen 1.6 3.4 0.7

Carbon dioxide 17.9 5.5 2.1

Total 100 100 100

Water saturated saturated saturated

Hydrogen sulphide 30 ppm 20 ppm 60 ppm

Note: Wellhead gases may also contain entrained water, mercury, and higher

concentrations of sulphur.

in conjunction with liquid hydrocarbons which are separated from the gas

to form ‘condensate’ (mainly liquid propane and butane) and ‘crude’ oil.

Wellhead gasmust be purified to remove liquid hydrocarbons, water, sulphur,

and CO2 to meet sales gas specifications.

Crude oil comprises higher molecular weight hydrocarbons and typically

contains 84%–87% carbon, 11%–14% hydrogen, 0%–3% sulphur, and 0%–

0.6% nitrogen by weight. Wellhead crude oil from predominantly oil wells is

‘stabilised’ to separate dissolved or entrained hydrocarbon gases. Crude oil

is converted into a wide range of (mainly) liquid fuels within a petroleum

refinery. The initial processing step in the refinery is crude oil distillation,

which separates oil into various boiling point fractions. These fractions are

then further processed in the refinery (an integrated complex of plants),

producing a range of fuels such as LPG, petrol, diesel, aviation fuel, kerosene,

and fuel oil. On distillation of the crude oil in the crude distillation unit (CDU),

sulphur becomes more concentrated in the heavy fuel fractions. Increasing

effort has focused in recent years on improving the quality of transport fuels

such as petrol and diesel with respect to reducing the quantity of

• sulphur (diesel and gasoline)

• benzene (gasoline).
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Table 6.3 Examples of coal compositions

US black coal (mass percent)(1) Victorian brown coal (mass percent)

Moisture 2.7 62

Carbon 73.6 25.7

Hydrogen 4.6 1.8

Sulphur 2.5 0.11

Nitrogen 1.3 0.23

Ash 8.4 0.84

Oxygen 6.9 9.4

Total 100 100

Note: (1)Cohen Hubal and Overcash (1993).

Effort has also focussed on combustion engines with respect to achieving

complete fuel combustion and improved engine efficiency.

Coal analyses are sometimes reported as ultimate (each major chemical
element), and sometimes as proximate (moisture, ash, volatile matter, and
fixed carbon). The classification of coal depends largely on calorific value,

carbon content, and water content. Lignite and sub-bituminous coals are of

lower grades, with higher concentrations of water. Over extended geological

time periods, with exposure to higher temperatures and pressures, these

coals become naturally harder forming bituminous coals and ultimately an-

thracite. Coal compositions vary widely from country to country, and within

countries. Some examples of coal compositions are provided in Table 6.3.

Fuel ratio of coal is defined as the ratio of its percentage of fixed carbon
to that of volatile matter. The rank of the coal may be estimated from its fuel

ratio.

Rank Fuel ratio
Anthracite 10–60

Semi-anthracite 6–10

Bituminous 3–7

Semi-bituminous 0.5–3

6.5 Environmental Impacts of Flue Gases

Table 6.4 shows some of the more common emissions from combustion of

fuels. Resulting environmental impacts, discussed in more detail in Chapter

10, include

• acidification (NOx and SOx)

• global warming (CO2)



August 27, 2012 15:37 PSP Book - 9in x 6in 06-David-Brennan-c06

110 Identification of Waste in Utility Systems

Table 6.4 Common emissions from combustion of fuels

Fuel type (coal, fuel oil, Product or residue from
Component in fuel natural gas, transport fuel) combustion

Sulphur From fuel SO2
Nitrogen From fuel NOx (fuel)

From combustion air NOx (thermal)

Carbon From fuel CO2 (complete combustion)

CO (incomplete combustion)

Hydrogen From fuel H2O

Ash* Coals (mainly) Ash residue particulates in flue gas

Heavy metals, Coals (mainly) Heavy metals to air or ash

including mercury

Mercury Some oil and gas sources Normally captured prior to

combustion

Note: Ash is the inorganic residue resulting from burning of coal. It consists mainly of SiO2,

Al2O3, Fe2O3, CaO with smaller amounts of MgO, TiO2, alkali, and sulphur compounds.

• nutrification (NOx)

• smog from photochemical oxidation (NOx , unburned hydrocarbons)

• fuel resource depletion

• human health effects derived from NOx , SO2, CO, particulates, traces

of heavy metals.

These impacts may be reduced by minimising utility of fuel consumption but

also by

• switching to a cleaner fuel

• switching to a fuel of higher calorific value

• improved burner design

• treating fuel before combustion to minimise impurities

• treating stack gas after combustion to remove certain pollutants, for

example SO2
• improving control and/or operation of the combustion process.

6.5.1 NOx Formation in Fuel Combustion

When the temperature of combustion is high enough (approximately>1000

K), some of the nitrogen and oxygen from the combustion air react to form

nitrogen oxides, principally NO andNO2, represented as NOx . Since the extent

of this reaction depends on temperature, the NOx thus formed is termed

thermal NOx .
Many fuels, for example, coal, contain nitrogen which can react with

oxygen in the combustion air during combustion to form NOx . Some coals
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have as much as 3% wt N. The NOx thus formed is termed fuel NOx . Most
NOx emissions are in the form of NO which subsequently oxidises to NO2. On

cooling, NO2 becomes N2O4 which is brown in colour.

NOx emissions in combustion systems can be reduced by

• lowering the temperature of fuel combustion (e.g., by using catalytic

combustion)

• using fuels which are lower in nitrogen

• using low NOx burners which employ a staged combustion process

• using less excess air

• injecting ammonia and catalytically reducing NOx to nitrogen and

water.

These options are discussed in more detail by Smith (2005).

6.6 Theoretical Flame Temperatures

Theoretical flame temperatures (also called ‘adiabatic flame temperatures’)

can be calculated for the combustion of various fuels. The calculations as-

sume rapid, adiabatic combustion, where the energy released by combustion

is taken up by gases leaving the combustion zone (Felder & Rousseau, 2005,

Section 9.6; Smith, 2005, Section 15.10.). The specific heats for components

of air and combustion product gases are temperature dependent — this

must be allowed for in calculations. In practice, heat losses from the flame

and dissociation reactions cause the flame temperature to be less than

the theoretical or adiabatic flame temperature. Some theoretical flame

temperatures for stoichiometric mixtures with air are as follows:

methane 1875◦C
propane 1925◦C
hydrogen 2045◦C.

6.7 Furnaces

High temperatures required for process streams and reactors are achieved in

furnaces. Furnace efficiency is limited by heat lost in flue gas discharged to

atmosphere. Furnace efficiency can be expressed as the ratio

heat absorbed by process

heat released by fuel combustion
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Furnaces are usually operated with the flue gas exhausted to atmosphere

above the dew point of the flue gas. The dew point is the temperature

at which the onset of condensation occurs during cooling of the flue gas.

Condensate can be corrosive to equipment and piping due to low pH derived

from dissolved acidic gases, and also due to nitric and sulphuric acids

resulting from NOx and SOx in the flue gas. If there is sulphur in the fuel, the

stack temperature is kept above 160◦C; fuels free of sulphur can be cooled to
lower stack temperatures.

Refractory materials are used to line the inside of furnaces. Important

properties apart from insulating capability include resistance to attack by the

process environment, and also strength properties such as refractoriness, re-

fractoriness under load, thermal spalling resistance, and cold (compressive)

strength.

The design of fuel burners is important in ensuring complete and

efficient combustion with minimal pollutants. The design is distinct for

solid, liquid, and gaseous fuel burners. Perry’s Chemical Engineers Handbook

provides diagrams of various types of industrial burners (Perry & Green,

1984, Figures 9.32 to 9.60). Solid fuels such as coal use grates for small

capacity and pulverised fuel for large capacity. Liquid fuels are atomised

and vaporised into the combustion air stream. Gaseous fuels are mixed with

combustion air in a variety of burner designs. The importance of the three

T’s in burner design is frequently emphasised—temperature, turbulence,

and (residence) time. Some discussion of fired heaters with diagrammatic

layouts is provided in Sinnott and Towler (2009, Section 12.17). Fired heaters

are used in industry for combusting fuel to provide heat to process fluids

where required process temperatures exceed those achievable by steam

heating.

6.8 Flare Stacks

Flare stacks are used in gas plants, petroleum refineries, and petrochemical

plants to combust surplus hydrocarbons to produce combustion products

that are neither toxic nor combustible. Flares frequently incorporate a

liquid–gas separator at the base of the stack and steam assisted burner

nozzles at the top of the stack to aid complete combustion. The diameter of

the flare must facilitate a stable flame and prevent ‘blowout’ (where vapour

velocities exceed 20% of sonic velocity). The height of the flare must be

adequate to prevent radiation damage to humans and equipment (and other

plant hardware). A common design criterion is to ensure heat intensity at the
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base of the stack is less than 4.5 kW/m2 (corresponding to the pain threshold

for exposed human skin).

6.9 Steam Generation

Steam is generated in a boiler. There are two types of boiler:

• Fire tube, where hot gases flow through tubes surrounded by a pool

of boiling water. Steam pressure is generally restricted to around

20 bar g. It is normally used for smaller steam generation rates and

lower steam pressures.

• Water tube,wherewater is circulated by natural convection between
a water drum and steam drum interconnected by tubes (boiling

water rises, saturated water descends). Hot gases flow through an

external chamber.

Superheaters are heat exchangers used to superheat saturated steam.

They may be integral with water tube boilers or may be quite separate heat

exchangers.

Economisers are heat exchangers (usually separate from the boiler) used

to heat water to boiling temperature corresponding to the steam generation

pressure.

Typical boiler pressures are

• 100 bar g for power generation

• 10–40 bar g for distribution within a process plant for heating (a

minimum pressure for distribution would normally be 2–5 bar g).

Higher pressure boilers incur higher capital costs because of greater

demands on boiler material properties and greater wall thickness, and on

boiler construction standards.

A simplified flow sheet for steam generation is shown in Fig. 6.3.

Feedwater (typically townswater) is normally demineralised, for example, by

ion exchange, and mixed with recovered condensate from the steam circuit.

The returned condensate may in some cases need treatment, for example,

if there is risk of contamination by a process stream. The mixed stream of

boiler feedwater is fed to a deaerator, where dissolved oxygen is removed

by sparging the water with steam at around 100◦C; oxygen solubility is

reduced by the increased temperature. A small amount of steam containing

the non-condensable gases is vented to atmosphere. Some residual oxygen

remains; this is then removed chemically, for example, by sodium sulphite
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Figure 6.3 Water circuit for steam generation.

(Na2SO3 + 0.5O2 → Na2SO4) or hydrazine (N2H4 + O2 → 2H2O + N2) or

other organic compounds. Certain dissolved solids remaining in the water

after demineralisation (e.g., calcium and magnesium) can be precipitated by

sodium phosphate addition.
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Table 6.5 Common standards for boiler water quality

Boiler drumwater quality for ASME
40 bar g boiler boiler guidelines British Standards (BS 2486)

Maximum total dissolved solids 500–2500 mg/L 1000 mg/L

Maximum alkalinity 250 mg/L 25–50 mg/L

Maximum total suspended

solids 8 mg/L Not specified

Maximum conductivity 800–3800 μS/cm 2000 μS/cm

Maximum silica 40 mg/L 20 mg/L

Note: S denotes siemens, the unit of conductance= A (ampere)/V (volts)= � (ohm)−1. Most
drinking water sources have a conductivity in the range 500 to 800μS/cm.

Demands on boiler water quality become more exacting as boiler

pressure (and hence temperature) increases. Key considerations are total

dissolved solids and oxygen concentration, which influence corrosion in the

boiler. Steam quality (influenced by entrainment of boiler water) is more

demanding for steam turbine applications than process heating applications.

Silica, which affects scaling on steam turbine blades, is removed by ion

exchange in feedwater treatment. Some common industry standards for

boiler water quality are ASME (American Society of Mechanical Engineers)

Boiler Guidelines and the British Standard (BS 2486:1997). Excerpts from

these standards are shown in Table 6.5 for a 40 bar g boiler.

Any suspended solids or dissolved solids in the boiler water are

concentrated by evaporation during boiling. Therefore watermust be purged

from the boiler to control the solids concentration; excessive concentrations

cause corrosion and fouling. This purge is often referred to as ‘blowdown’

(reflecting the associated pressure reduction). The ratio of impurity

concentration in the boiler drum to that in the boiler feedwater pumped from

the deaerator is known as the number of ‘cycles of concentration’.

Blowdown rate, usually expressed as a percentage of the evaporation

rate, depends on the effectiveness of boiler feedwater treatment and boiler

pressure. Typical blowdown rates are

• small, low pressure boilers: 5%–10%

• large, high pressure boilers: 2%–5%.

The most common heat source for steam generation is fuel combustion,

most commonly natural gas, but coal, fuel oil and other fuels are also used.

Natural gas boilers are cheaper in capital cost than coal fired boilers and have

fewer overall emissions, but gas is a more expensive fuel than coal.
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Important sources of heat in chemical processes are high temperature

process streams, where the process stream is cooled in a ‘waste heat

boiler’. Waste heat boilers are integral with many process technologies

such as sulphuric acid, nitric acid, hydrogen cyanide, formaldehyde, and

ethylene manufacture, as discussed in Chapter 4. Processes involving

reactions at elevated temperatures, especially exothermic reactions, lend

themselves to heat recovery opportunities. Constraints often apply to exit

gas temperatures from process gases arising from consideration of effective

temperature driving forces, condensation of acids, and operating conditions

in downstream process equipment.

6.10 Steam Use

Steam is used mainly for process heating or for driving turbines, but can

be used as a raw material (e.g., in steam reforming of methane to produce

hydrogen), as a diluent in a process (e.g. in steam cracking of hydrocarbons

to produce ethylene), for steam stripping in a process, for cleaning plant

and equipment, or for steam jet ejectors to produce vacuum. Examples of

steam stripping are in VCM recovery from PVC manufacture (Chapter 4) and

in solvent recovery processes by absorption stripping (Chapter 5).

As a heating medium, steam is condensed isothermally at its saturation

temperature. Its condensation temperature, influencing the temperature

driving force (or �T ) with respect to the process stream, and latent

heat of condensation influencing steam consumption, are key properties.

The higher the pressure of saturated steam, the higher the condensing

temperature but the lower the latent heat in kJ/kg (refer to steam tables

and thermodynamic property diagrams). There is an upper pressure limit

for which saturated steam can be used (identify this on a pressure enthalpy

diagram). Condensing steam has a high heat transfer coefficient, nominally

∼8000W/m2K, but this is reduced if small concentrations of non-condensing

inert gases such as air are present.

When used to power turbines (e.g., for electricity generation or for driving

compressors or pumps), steam expansion through the turbine approximates

an isentropic expansion. Inlet steam must be superheated, while exhaust

steam is close to saturation. Exhaust steam may be at low pressures (even at

vacuum as in power stations to maximise energy recovery), or intermediate

pressures allowing exhaust steam to be used for heating purposes.

Often a plant will use steam at multiple pressures — for example, high,

medium, and low pressure. High pressure superheated steam will be used
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HIGH PRESSURE STEAM

LOW PRESSURE STEAM
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Figure 6.4 Alternative uses of high pressure steam.

for driving machinery and lower pressure steam will be used for heating.

Such systems can become complex to operate, as steam demands at the

different pressures may vary with changes in plant operating conditions.

There are advantages in distributing steam at higher pressures; steammains

are smaller in diameter and larger pressure drops can be accommodated.

High pressure steam can be let down to lower pressures through throttling

valves, but the expansion in this case is isenthalpic, with no useful work done.

Figure 6.4 illustrates some alternative uses for high pressure steam,

including the isentropic expansion through a turbine and isenthalpic

expansion through a throttling valve. If the exhaust temperature from the

throttling valve is too high for some applications, desuperheating will be

required. If demand for steam suddenly reduces below supply, pressure relief

will be necessary resulting in loss of steam to atmosphere. This loss can be

avoided by providing a dump condenser which allows condensate recovery.

Figure 6.5 shows an example of heat recovery in a hypothetical chemical

process. Heat is recovered from the reactor to generate saturated steam in a

boiler. The saturated steam is superheated using further heat recovered from

the reactor in a superheater. The resulting superheated steam is expanded in

a turbine to drive a centrifugal compressor in the process. Exhaust steam

from the turbine is used both for live steam within the process, and as low

pressure saturated steam in process heat exchangers. Condensed steam from

the heat exchangers is collected as condensate, and demineralised water is

added to the circuit. Condensate is pumped through a deaerator to the steam

drum. The steam drum allows water to recirculate through the reactor waste
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Figure 6.5 Example of heat recovery from a chemical process.



August 27, 2012 15:37 PSP Book - 9in x 6in 06-David-Brennan-c06

Water Sources and Uses 119

heat boiler where it is partially vaporised, returned to the steam drum and

separated into steam and condensate.

Condensate recovery is an important aspect of steam circuits. Condensate

(if uncontaminated) is high quality hot water, usually pressurised, and

valuable in energy content. Its recovery is important tominimise the quantity

of fresh demineralised water make-up to the boiler circuit, and to maximise

energy efficiency by burning less fuel. High pressure condensatemay in some

cases be usefully let down in pressure to generate lower pressure steam and

condensate.

Steam traps must be placed in discharge lines from heat exchange

spaces (whether heater, evaporator, dryer or other) to recover condensate

efficiently.

The steam trap

• stops condensate accumulation which would reduce heat exchange

efficiency and

• prevents steam escaping from condensate discharge lines.

Some traps allow removal of non-condensable gases. Many types of steam

traps are used, for example, thermodynamic, mechanical, and orifice types.

For details see http://www.spiraxsarco.com.

Insulation is important for equipment and piping carrying steam and

condensate, both to minimise energy loss and provide personnel protection.

There are limits to the use of steam as a heating medium derived from

its thermodynamic properties. Alternative heating media must be found for

higher temperatures. Examples include Dowtherm (diphenyl/diphenyl oxide

eutectic), molten salts (e.g., sodium and potassium salt eutectic mixtures)

and mineral oils (hot oil). Fired heaters are widely used in these systems.

Fired heaters (usually using natural gas) can also be used for heating process

streams; fired heaters are common in petroleum refineries, for example, for

heating heavier crude and residue oils.

6.11 Water Sources and Uses

Water sources include towns water for domestic use (e.g., from mains water

supply), surface water (rivers, lakes, dams), ground (bore) water, recycled

waste water, recirculated cooling water (from cooling towers), and sea water.

Water quality varies considerably depending on its source and any upstream

use. Table 6.6 gives examples of water compositions from one towns water
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Table 6.6 Examples of raw water compositions

Towns Bore

Total hardness 9 ppm 1018 ppm

Sodium 5 ppm 527 ppm

pH 6.7 7.8

Free carbon dioxide 4 ppm 22 ppm

Total dissolved solids 26 ppm 2397 ppm

Sulphate 1 ppm 321 ppm

Chloride 5 ppm 860 ppm

Silica 6 ppm 32 ppm

Conductivity (μS/cm) at 20◦C 35 3300

Note: Suspended solids may also be present, especially in bore water.

and one bore water source. Water may require pretreatment before use in

specific applications.

Water may be used for many applications in process plants, such as

• processing raw material either as water, for example, chloralkali
from salt, or steam, for example, hydrogen frommethane

• make-up to a cooling water circuit involving cooling towers

• make-up to a boiler feedwater circuit for steam generation

• firefighting

• cleaning

• drinking, washing, sanitary, garden.

6.11.1 Water Quality Indicators

Some commonly used water quality indicators are identified below.

Hardness reflecting the concentration of dissolved calcium and magnesium

salts (<50 mg/L is classified as soft). Hardness is an indicator of scaling

tendency leading to reduced heat transfer and increased pressure drop.

Total dissolved solids, normally inferred from conductivity measurement (1S

corresponds approximately to 0.7 mg/L). Total dissolved solids is an

indicator of corrosion and scaling tendency.

Conductivity (electrical), measured as micro Siemens per cm., which is an
indicator of corrosion potential.

Alkali delignifies timber which is often used for packing in cooling towers.

pH and dissolved oxygen are indicators of corrosion potential.
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Sulphate attacks cement and concrete, often used in cooling tower basins.

Chlorides have implications for specific types of corrosion such as stress
corrosion cracking and pitting of austenitic stainless steels.

6.12 Recirculated Cooling Water from Cooling Towers

Cooling water is commonly obtained from evaporative cooling towers (Fig.

6.6), where air flows upwards countercurrent to downward water flow. Area

for combined heat and mass transfer in the cooling tower is provided by

internal packing of timber or plastic. Electricity is consumed by air fans and

cooling water recirculating pumps. Water losses occur in the cooling water

circuit arising from

• entrainment of water droplets in air leaving the cooling tower, also

termed ‘drift’

• evaporation necessary to achieve cooling in the cooling tower

• any leakages in the cooling water distribution network

• purge necessary to maintain quality of the circulating cooling water.

These water losses must be replaced by fresh water make-up.

The purge is necessary to control the concentration of

• dissolved solids

• suspended solids.

Figure 6.6 Simplified flow sheet of recirculated cooling water circuit.
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Concentrations of dissolved and suspended solids increase as a result of

the evaporation process. Concentration of dissolved solids may be several

multiples of that in themake-upwater. Any one of several quality parameters

might be controlling, for example,

• alkalinity (delignifies timber)

• hardness (influences scaling on heat exchanger surfaces)

• sulphate (influences attack on concrete basin of cooling tower).

Mass balances for overall water and component impurities can be made over

the cooling water system to determine purge rates. For example, consider

a system where evaporation (E ) and drift losses (D ) are estimated to be
3% and 0.2% respectively of the circulating water flow rate (C ). Assume
make-up water contains 40 ppm dissolved solids while recirculated cooling

water is to contain a maximum of 200 ppm dissolved solids. Note that

in this case, dissolved solids is stipulated as the key impurity governing

blowdown. The make-up water requirements (M ) and the blowdown (or
purge) requirements (B) can be estimated as a percentage of the circulating
cooling water flow rate.

Overall balance M = B + E + D

Hence M/C = B/C + E/C + D/C

= B/C + 0.032 (6.1)

Dissolved solids balance 40M = 200B + 200D + E × 0

Hence 40M/C = 200B/C + 200D/C

= 200B/C + 200× 0.002

= 200B/C + 0.4 (6.2)

Solving Eqs. (6.1) and (6.2)

B/C = 0.0055 = 0.55%

M/C = 0.0375 = 3.75%

The extent of cooling achieved in the cooling tower is governed by the rate

of water evaporation, which in turn is limited by the wet bulb temperature
of ambient air. Cooling water temperatures leaving the base of the cooling

tower will be lower in winter than summer. Cooling water temperatures also

vary with locations — cooling water will be colder in northern European

countries, than in Asian or Australian cities.

The design cooling water outlet temperature from heat exchangers is

typically limited to 45–50◦C because of scaling on heat exchanger surfaces.
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This is a commonly adopted ‘rule of thumb’ in design practice. In some cases,

a lower outlet temperature of cooling water will be selected in order to

achieve target temperatures in the cooled process stream.

The potential for re-use of purged water from cooling tower circuits, or

alternatively for treating aqueous effluents from other sources for make-up

to cooling water circuits, should be examined.

Centrifugal pumps, typically of large capacity, are normally used for

pumping cooling water through the plant and back to the top of the cooling

tower. Pump discharge pressure must be sufficient to

• overcome pressure drops in piping and heat exchangers in the

cooling water distribution system and

• reach required elevations, for example, distillation column con-

denser, top of cooling tower.

Very high reliability is required for cooling water supply in process plants

necessitating multiple pumps, often involving a combination of electrical

motor and steam turbine drives.

6.13 Sea Water Cooling

For plants located near the coast, seawater is an option for cooling because of

its abundance and low first cost. Sea water contains about 3.4% salt (mainly

NaCl, but also Ca and Mg salts) and is slightly alkaline. It is a good electrolyte

and can cause galvanic corrosion, as well as pitting and stress corrosion

cracking with stainless steels. Corrosion is influenced by oxygen content,

velocity, temperature, and the presence of biological organisms (Fontana,

1986). The choice of sea water cooling will usually require more exotic

materials of construction (and hence higher capital cost) for heat exchangers.

Return cooling water may cause environmental damage to the sea either

because of thermal effects or because of contamination by impurities from

leaking heat exchangers. The former risk will limit the return cooling water

temperature, thereby increasing cooling water flow rate and associated

pumping costs. The latter risk can be greatly minimised by using a closed

loop secondary coolant, which in turn is cooled by sea water (Fig. 6.7). The

closed loop coolant can be of such a quality that heat exchanger corrosion by

the coolant is minimal. Since a temperature driving force�T exists between
sea water and the closed loop coolant, and between the closed loop coolant

and each process heat exchanger, theremay be a penalty in terms of the lower

limits of process temperatures achievable.
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Figure 6.7 Example of sea water cooling with secondary cooling circuit.

An important benefit of sea water cooling is that it removes the demand
for freshwater consumption asmake-up to a coolingwater circuit, important

in locations where fresh water is a scarce resource.

6.14 Air Cooling

An alternative to water cooling is air cooling, using fans and extended surface

heat exchangers. Extended surfaces are usually achieved by fins attached to

the heat exchanger tubes. Electricity becomes the sole utility used. Extended

surface is necessary because of the lower heat transfer coefficient of the

gas compared to that for water. (Forced convection heat transfer coefficient

for water is ∼6000 W/m2K compared with ∼200 W/m2K for air.) Some

introductory notes on air cooled heat exchangers are provided in Section

12.16 of Sinnott and Towler (2009).

6.15 Refrigeration

Cooling of process streams using coolingwater is limited by the coolingwater

temperature. If a design inlet cooling water temperature is limited to 28◦C
minimum, process stream temperatures will be limited to approximately

35◦C, allowing for temperature rise in coolingwater and temperature driving
forces in a heat exchanger. Colder temperatures for process streams can be

achieved using refrigerated coolants or evaporating refrigerants.
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Figure 6.8 Simple refrigeration circuit and corresponding cycle on pressure

enthalpy diagram.

Refrigeration is part of many process industry plants. For example,

• in ethylene manufacture, it is necessary to separate ethylene

the desired product from other hydrocarbons. This is done by

distillation at low temperature (−100◦C), requiring refrigeration,
usually employing ethylene and propylene as refrigerants.

• in polyvinyl chloride (PVC) manufacture from vinyl chloride

monomer (VCM), it is necessary to recover VCM from vent gases

containing VCM and inert gases; refrigeration is used to condense

and recover the VCM from the gases prior to incineration of the

residual VCM.

• in chlorine liquefaction within a chlor alkali plant, refrigeration is

required to liquefy chlorine gas.

A basic refrigeration circuit (Fig. 6.8) comprises a refrigerant compressor,

condenser, expansion device and the vaporising section of the process cooler.

In designing refrigeration circuits, compressor capability, condenser coolant

temperature, and thermodynamic properties of the refrigerant must be

considered, as well as energy consumption. Refrigerants should also have

satisfactory environmental and safety properties, because of the possibility

of refrigerant leakage. A large number of refrigerants are available with

diverse thermodynamic properties (see the tables of properties for selected

refrigerants in Perry and Green (1984)). A useful website for refrigerants

may be found at BOC www.boc-gases.com/.

Halogenated hydrocarbons, particularly chlorofluorocarbons (CFCs),

were used as refrigerants up to the early 1990s, but ozone layer depletion

(especially) and global warming concerns have restricted their use, leading
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to development of more environmentally friendly refrigerants such as

hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). Tradi-

tional refrigerants include NH3, C3H8, CO2, and (for very low temperatures)

N2; some of these refrigerants are toxic or flammable, and their inventories

must be minimised.

Technical and operational constraints must be considered in designing

the refrigeration circuit. For example, the evaporating temperature of the

refrigerant should correspond to a vapour pressure above atmospheric

pressure, to ensure the suction pressure of the refrigerant compressor is

above atmospheric pressure. (If the suction pressure is below atmospheric

pressure, there is possibility of air ingress from atmosphere into the

refrigerant circuit.) Note also that the condensing temperature of the

refrigerant must be greater than the temperature of the coolant used

(generally cooling water) to achieve a temperature driving force for heat

transfer in the refrigerant condenser.

Potential for ice formation at the tube wall (process side) of the

process cooler/refrigerant vaporiser should be evaluated. If ice forms, two

exchangers will be needed to allow for periodic de-icing of one of the

exchangers, leading to complexity in plant operation.

Insulation of equipment and piping is needed for minimising energy loss

from cold streams.

6.16 Electricity Demand and Supply

The total demand for electricity supply incorporates domestic, commercial

and industrial needs. Within this demand, there is an underlying constant

load or ‘base load’ demand for electricity generating capacity. This base

load capacity tends to be supplied by power generation plants that operate

economically at a relatively constant output at a high level of capacity

utilisation. Peak demands beyond base load are normally supplied with

plants of lower efficiency and lower capital cost but higher operating cost,

which operate for limited periods to meet this peak demand.

Most of Australia’s electricity is generated at ‘base load’ power stations,

the majority of which use black coal or (in the case of Victoria) brown coal.

Natural gas is also used. Electricity can be generated from alternators driven

by steam turbines or gas turbines. Some typical fuel and steam cycles used

are shown in Figs. 6.9 and 6.10. A number of generation systems are possible,

with generation efficiencies depending on the fuel and generation system

adopted. Table 6.7 lists typical electrical generation efficiencies for common
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Generic Steam Turbine

Integrated Gasification Combined Cycle

Figure 6.9 Generic steam turbine and integrated gasification combined cycle.

fuels and the systems depicted in Figs. 6.9 and 6.10. An efficiency range is

given for each system, reflecting variations in design and operation. Electrical

generation efficiency may be defined as

electrical energy exported from power station

fuel energy consumed

The integrated gasification combined cylcle (IGCC) system converts black

coal into a fuel gas containing CO, H2, CH4 which is combusted in a gas

turbine. Exhaust gas from the gas turbine passes through a boiler to raise

steam which is expanded through a steam turbine. Electricity is generated

through the gas and steam turbines, similar to a natural gas combined cycle

gas turbine system. The technology is under development.
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Open Cycle Gas Turbine

Combined Cycle Gas Turbine

Figure 6.10 Open and combined cycle gas turbine power cycles.

Table 6.7 Typical efficiencies for electricity generation systems

System Efficiency (%)

Steam turbine— black coal 30–37

Steam turbine— brown coal 23–32

Open cycle gas turbine 17–37

Combined cycle gas turbine 44–57

Environmental impacts at power stations include

• emissions resulting from fuel combustion, mainly CO2, NOx , SO2, ash

• depletion of fuel resources

• depletion of water resources due to evaporative loss in cooling

towers

• impacts resulting from aqueous emissions or their treatment
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• thermal energy released where steam is condensed, usually via

cooling water.

Details of typical fuel consumptions and waste emissions for common

generation and fuel systems are provided in Table 11.1 of Chapter 11.

Cogeneration is the combined generation of electricity and the use of

exhaust steam from the turbine for process heating or other heating (e.g.,

domestic). Where cogeneration is adopted, efficiencies are much higher but

this requires a steady demand for steam, typically from a continuous process

industry. Environmental benefits of cogeneration result from

• avoiding the fuel consumption and emissions incurred in alternative

dedicated steam generation for process heating

• reduced emission of thermal energy to the environment

• reduced consumption of cooling water, including reduced consump-

tion of make-up water for a recirculated system incorporating

cooling towers.

Other possible means of electricity generation include

• hydroelectric

• nuclear fission

• solar

• wind

• geothermal.

These means of generation, as well as others under development, are

reviewed in Hardin (2008). Hydroelectric and nuclear fission play an

important contributory role in many countries. Solar, wind and geothermal

approaches offer much potential in terms of greatly reduced demand on

resources and emissions. These sources are currently under development,

but as yet provide only a limited share of generating capacity in many

countries.

6.17 Distribution and Use of Electricity

It is common to distribute electricity from a power station at high voltages,

for example, 11 kV, and transform to lower voltages (3.3 kV, 415 V, 240 V) at

a process plant. Power supplied at 415 V is available as 3-phase power at a

frequency of 50 Hz in Australia. There are efficiency losses in electric power

distribution from the power station to the user plant which increase with



August 27, 2012 15:37 PSP Book - 9in x 6in 06-David-Brennan-c06

130 Identification of Waste in Utility Systems

increased transmission distances. The frequency of electricity supply differs

in some other countries, for example, the United States, where it is 60 Hz.

Electricity is used in the process industries for

• electrochemical processes (e.g., aluminium smelting, chlorine/

caustic soda plants) where transformer rectifiers convert AC power

to DC power at required voltages

• driving machinery within process plants, especially compressors,

pumps, agitators, solids conveyors, centrifuges, size reduction

equipment

• instrumentation, computer systems, lighting.

6.18 Compressed Air

Various factory uses of compressed air demand different quantities, qualities,

pressures and supply reliabilities, for example,

• instrument air should be free of oil and condensed moisture

• safety air must be suitable for breathing

• process air is used for purging toxic gases, emergency agitation

• maintenance air is used for air-driven tools.

Options exist in terms of separate or integrated compression and supply

systems.

6.19 Inert Gas

Inert gas, typically nitrogen, is required for purging flammable or explosive

gases or rendering gas spaces inert from flammability or explosion

(‘inerting’). Important properties of nitrogen for this purpose are

• pressure

• moisture content

• oxygen content (<0.1%)

• reliability of supply.

Supply options for nitrogen include

• local generation

• bulk storage

• pipeline.



August 27, 2012 15:37 PSP Book - 9in x 6in 06-David-Brennan-c06

Concluding Remarks 131

6.20 Vacuum

Vacuum is often used in filtration, and for heat sensitive materials in

evaporation and distillation. Vacuum can be achieved by pumps or steam jet

ejectors. Initially the system is evacuated to reach the desired vacuum; the

vacuum is then maintained by removing gases resulting from air ingress or

evaporation of the process fluid.

The size of a vacuum pump depends on

• absolute pressure (extent of vacuum) required

• volume of system evacuated

• nature, quality of vapours/gases to be handled

• evacuation (or ‘pump down’) time.

Steam jet ejectors can achieve progressively higher vacuums by using

multiple ejectors in series. Advantages of steam jet ejectors include

• absence of valves, rotors, pistons, moving parts

• ability to be constructed in a wide range of materials.

Condensers are used in conjunction with vacuum systems to condense

evaporated liquids. The consequences of handling condensed liquids from

vacuum systems must be considered. Aspects include condensate recovery

from steam jet ejectors, purification of contaminated condensate, and

recovery of process materials from condensed liquids. In vacuum distillation

of heavy oil in petroleum refineries, vacuum pumps are often preferred to

steam jet ejectors in order to reduce the contamination of condensed water

by oil.

6.21 Concluding Remarks

Utilities play an essential and integral part in processes, principally through

supply and use of energy. Utility supply must be highly reliable and meet

quality demands which in many cases are stringent.

The generation of utilities draws on fuel and water resources and leads

to a number of emissions contributing to a range of environmental impacts.

Aggregated over a product’s life cycle, utilities make a major contribution

to the environmental impact of the product. Accounting for impacts derived

from utility use is an important element of environmental assessment; this

is explored in Chapters 10 and 11 in the context of life cycle assessment

methodology. Utilities also impose capital and operating cost burdens which
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must be borne directly or indirectly by the processes consuming the utilities;

these aspects are discussed further in Chapter 13. In Chapter 7, we explore

some common ways in which utilities are used, and how utility consumption

in process plants can be reduced.
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Chapter 7

Energy Conservation

7.1 Introduction

Apart from improving the design and operation of utility systems, a key

strategy for reducing environmental impacts derived from utility use is to

reduce utility consumption on process plants.

Gas compressors and liquid pumps have a key role in most chemical

processes by conveying fluids. Compressors and pumps aremajor consumers

of energy, commonly supplied as electricity, but also as steam. Energy

consumed is a function of the flow rates and pressures of process streams,

but is also influenced by pressure losses within equipment and piping. We

first consider selection of compressors and pumps for process duties and

their energy requirements. We then explore contributions to pressure loss

in equipment and piping.

Electrochemical processes such as chlorine manufacture and aluminium

smelting depend on DC electricity supply. In electrochemical processes, im-

proved reactor designs, often involving fundamental changes in technology

and improved process control are key to reducing energy consumption.

Consumption of hot and cold utilities in process plants can be reduced by

efficient heat recovery from process streams, and by effective insulation on

equipment and piping.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
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7.2 Energy Consumption in Compression of Gases

In many chemical processes (e.g., ethylene, chlorine, and sulphuric acid man-

ufacture) a gas compressor handles the main process stream. Compressor

performance in these cases is vitally important in terms of reliability, cost

(capital and operating), and energy consumption. There is a terminology

progression from fans to blowers to compressors. The terms apply to the
different pressure rise (delivery pressure minus suction pressure); fans have
a small pressure rise, blowers somewhat larger, compressors larger again. We
now consider key aspects of compressor specification and selection.

7.2.1 Process Specification for Gas Compressors

A range of gas properties for both suction and delivery conditions influence

machine selection for the compression duty as well as energy requirements.

Suction conditions normally specified are

• temperature (K)

• pressure (kPa abs)

• volumetric flow rate (m3/h)
• composition.

Delivery condition normally specified is

• pressure.

Other important gas properties include

• the ratio of specific heats γ = C p/C v, which influences the energy
consumed and gas temperature increase during compression

• Interaction with lubricant, for example, the cases of O2, Cl2
• density

• molecular size, which influences gas leakage within compressor

clearances and at compressor shaft seals

• corrosivity affecting materials selection

• viscosity

• contaminants, including suspended solid or liquid particles

• toxicity, which has implications for sealing against leakage

• flammability, which has implications for sealing against air ingress.

7.2.2 Machine Selection

Key performance parameters affecting machine selection include
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• volumetric capacity, traditionally expressed in m3/h referred to

suction conditions

• compression ratio = discharge pressure
suction pressure

where pressures are expressed in absolute units.

There is a distinction here from pumps, where performance is charac-

terised by volumetric capacity and developed head = delivery pressure
− suction pressure.

Another key consideration is whether the machine is lubricated or

non-lubricated within the gas compression chamber. Some gases (e.g.,

chlorine) react with lubricating oil to produce a non-lubricating solid which

fouls the compression chamber surfaces. Oxygen supports combustion and

hence oxygen should be isolated from lubricating oil. Contamination from

lubricants may not be acceptable in certain downstream equipment (e.g., in

some catalyst beds).

There is a range of compressor types and machine compression

mechanisms, but compressor performance can be classified as one of two

basic forms, that is,

• positive displacement or

• aerodynamic (sometimes referred to as ‘dynamic’).

Performance curves of pressure versus flow rate are fundamentally different

for each compressor type. Figure 7.1 shows typical performance curves

for centrifugal and axial flow (aerodynamic) and reciprocating (positive

displacement) machines.

A requirement of process gas compressors is to handle varying gas flow

rates to match different production rates and plant operating conditions. For

a positive displacement machine operating at a given speed, a fixed flow rate

is delivered independent of compression ratio. To vary gas flow rate through

the machine, the machine speed must be changed; in some machines, the

displacement volume can be modified.

For an aerodynamic machine operating at a fixed speed, the gas flow
rate is dependent on the compression ratio, and can be manipulated by

adjusting valves on the compressor suction or delivery. Gas flow rate can

also be manipulated by adjusting stationary vanes on the compressor inlet;

this approach has the advantage of lowering energy consumption. Note here
an important distinction from centrifugal pumps, where suction valves are

never throttled because of cavitation concerns. Gas flow rate can also be

modified by changing machine speed.
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Figure 7.1 Comparison of compressor performance curves (S denotes surge point).

There is a lower limit to gas flow rate through an aerodynamic

compressor, called surge point, where gas flow and pressure development

are unstable. Operation at gas flow rates below the surge point is not

practicable.

For an indication of the range of compressor machine types, and their

performance range, see Chapter 10 in Sinnott and Towler (2009) or similar

texts. Note the different speeds for various machine types, for example,

slow for reciprocating (∼300 rpm), fast for screw compressors (positive

displacement) or centrifugal compressors (aerodynamic) (∼10,000 rpm).
For a given duty, low speed reciprocating machines are larger and require

larger foundations and more space. Also, note that there is a range of
achievable discharge pressures and flow rates for different machines, limiting
machine choice for a given duty.

7.2.3 Thermodynamics of Gas Compression

Compression can approach

• adiabatic (more common) or

• isothermal

depending on machine type and extent of cooling during compression.

Isothermal compression is approached in a liquid ring compressor; adiabatic

compression is approached in centrifugal and most reciprocating machines.

Departures from true adiabatic conditions occur, for example, due to cylinder
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cooling in reciprocating machines, and gas slippage and recycling in screw

compressors.

Design and thermodynamics texts provide equations for different types

of compression in terms of

• theoretical compressor work

• discharge temperature.

for single-stage and multistage compression.

For single-stage adiabatic compression, theoretical workW is given by

W =
(

γ

γ − 1

)
P1V1

⎡
⎢⎣

(
P2
P1

)γ − 1

γ − 1

⎤
⎥⎦ (7.1)

while temperature increase is given by

T2
T1

=
(
P2
P1

)γ − 1

γ
(7.2)

where T2, T1 are absolute temperatures; P2, P1 are absolute pressures; and V
is volumetric flow rate and γ is the ratio of specific heats C p/C v. Subscripts
1 and 2 denote suction and delivery conditions, respectively.

The power consumed by a compression machine

= theoretical work

compressor efficiency

Compressor efficiency is function of

• machine type

• compression duty

• properties of the gas being compressed.

In the absence of detailed information, a first assumption of 75% is

reasonable for compressor efficiency. (Sinnott and Towler, 2009 show typical

efficiencies for centrifugal, axial flow and reciprocating compressors.)

Case example
A gas compressor is required to compress 250 m3/h methane supplied at

25◦C and 1 bar abs to a pressure of 3 bar abs. If compression is adiabatic and
performed in a single stage, calculate the theoretical power requirement, and

the discharge temperature. Estimate the size (kW) of an electricmotor for the

compressor drive. Value of γ for methane= 1.31.
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Theoretical power requirements for compression are estimated as

W = 100× 250× 1.31[30.31/1.31 − 1]

3600× 0.31

= 8.7 kW

Discharge temperature is estimated as

T2 = 298× 30.31/1.31

= 386.5K = 113◦C

Allowances must be made for both compressor and motor efficiencies. If we

allow 75% for compressor efficiency and 95% for motor efficiency, absorbed

power becomes 8.7/(0.75 × 0.95) = 12.2 kW. For motor selection, the next

standard size of electric motor available would be selected.

7.2.4 Limits to Compression Ratio per Stage of Compression

Limits to compression ratio (P2/P1) are imposed by machine types, but
can also be imposed by maximum allowable gas temperatures. For example,

chlorine will react with steel at around 130◦C, thus limiting discharge

temperatures.

7.2.5 Intercooling of Gas during Compression

Intercooling of gas is needed in multistage compression to minimise overall

gas temperature rise and overall power consumption. Power consumption is

proportional to inlet gas volume, which in turn is proportional to absolute

temperature of the gas. The number of stages and extent of intercooling is

constrained by capital cost considerations.

7.2.6 Reliability

Some machines (e.g., centrifugal, screw) can run continuously for long peri-

ods (e.g., 2–3 years) without shut down. Other machines (e.g., reciprocating)

must be taken out of service for maintenance after shorter periods (e.g.,

9–12 months). To ensure process reliability, the question arises regarding

duplication of machines and their capacities. Options might include

• one machine of 100% capacity

• two machines each of 100% capacity

• two machines each of 50% capacity.
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Such options must be weighed up in the light of required performance,

reliability, and costs.

7.2.7 Drives for Compressors

Possible drives for gas compressors include

• electric motors

• steam turbines (for rotating compressor shafts)

• (less commonly) gas turbines, other combustion engines.

Drives are available in standard sizes. The nominal power rating for the drive

must exceed the maximum absorbed power of the compressor in operation,

including abnormal as well as design duties. Drives and drive assemblies

have limited efficiencies. Drive efficiencies tend to increase with size of drive.

Steam turbine efficiencies are lower than electric motor efficiencies, and

depend on capacity utilisation; drive efficiencies tend to be higher for larger

machines running at higher capacity utilisation.

7.2.8 Energy Conservation in Gas Compression

For a given gas compression duty within a process, a number of areas can be

targeted for reducing energy consumption. These include

• modifying the process conditions, where possible, to reduce power

consumption

• reducing pressure losses in equipment and piping

• improving the efficiency of the compressor

• improving the efficiency of the compressor drive

• choosing an energy efficient method of capacity control, including

the selection of variable speed drive.

7.3 Energy Consumption in Pumping of Liquids

7.3.1 Process Specification for Pumps

As for compression, we first consider the properties of liquids pumped.

Important properties and their effects are listed below.
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Liquid properties Effects
Newtonian or non-Newtonian Liquid behaviour under shear stress

Density Power consumed

Viscosity Head, efficiency, power consumed

Composition and contaminants Corrosivity

(gases, dissolved solids,

suspended solids)

Corrosive properties Materials selection, speed selection

Temperature Materials selection, vapour pressure

Vapour pressure Net positive suction head (NPSH)

Some key performance parameters for pumps include

Volumetric capacity — range of volumetric flow rates (m3/h) required

Suction conditions

• pressure (at pump suction flange)

• temperature

• vapour pressure and NPSH consideration

Delivery pressure— pressure of liquid delivered at pump delivery flange

Developed head= Delivery pressure− suction pressure

The developed head of a pump, usually expressed inmetres of fluid, is shown

on the pump performance curve, plotted against volumetric flow rate.

Net positive suction head (NPSH)= Suction pressure− vapour pressure

Sufficient positive pressure must be provided to the pump suction to avoid

vaporisation and consequent cavitation damage within the pump. Cavitation

results from collapse of vapour bubbles on metal surfaces within the pump.

Liquid at the pump suction flange may vaporise before reaching the eye of

the impeller due to internal pressure drop within the pump. This pressure

drop is difficult to calculate, because of geometric complexity and change of

fluid direction within the pump. Hence it is measured and specified by the

pump manufacturer as a net positive suction head required (NPSHR) at the

pump suction flange. NPSHR increases with increasing volumetric flow rate

for a pump of fixed speed, and alsowith increasing pump speed. The designer

must ensure that the available NPSH (pressure at pump suction − vapour

pressure) exceeds the NPSHR specified by the pump manufacturer. Vessels

on the suction of a pumpmust often be elevated to provide adequate suction

head. Liquids have high vapour pressures when they are close to their boiling
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point, for example, distillation column bottoms streams, boiler feed water,

liquefied gases from storage vessels.

7.3.2 Power Requirement

The power P required at the pump shaft (usually expressed in kW) can be
calculated as

P = V × �h × ρ × g
η′

where V = volumetric flow rate

�h = developed head

ρ = liquid density

g = acceleration due to gravity

η′ = pump efficiency (ratio of theoretical power to actual

power at pump shaft)

Pump efficiency depends on pump type and its operating duty point, but is

typically in the range of 60%–80%. To determine the required power of the

driver, allowance should be made for the efficiencies of the drive, and the

coupling system connecting pump and drive shafts.

Case example
A pump is required to deliver 154 kg/s of water from a suction head of 10.7

m fluid to a delivery head of 32.0 m fluid. Heads are inclusive of system

pressure, static head and friction losses. Developed head = 32.0 − 10.7 =
21.3 m

Assuming 70%efficiency for combined pump andmotor efficiency, power

required for pumping= 154× 21.3× 9.8

0.7× 1000
= 46 kW

7.3.3 Pump Machine Types

Pumps may be classified as

• centrifugal or

• positive displacement machines.

Common examples of positive displacement pumps include

• rotary gear pump (often used for liquid fuels in combustion

systems)

• piston pump (often used for dosing chemicals to steam boilers).
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As with compressors, there is a distinction in performance curves for

• positive displacement, where flow rate at a given pump speed is

independent of head

• centrifugal, where flow rate at a given pump speed is dependent on

developed head.

7.3.4 Centrifugal Pump Selection and Performance

For a given speed, operating ranges of flow rate and head for various sized

pumps are shown on a pump selection chart provided by a pump supplier.

Performance curves for a specific pump at a given speed are usually provided

as a family of curves of developed head (metres fluid) versus volumetric flow

rate (m3/h) for different diameter impellers (Fig. 7.2). A curve for NPSHR (m

fluid) versus volumetric flow rate (m3/h) is usually also provided.

The curves are independent of fluid density, but not of fluid viscosity;

higher viscosity liquids reduce the developed head and efficiency at a given

Volumetric flow rate (m3/h)

Figure 7.2 Example of performance curves for a centrifugal pump at a given speed.
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flow rate. Power consumption curves are sometimes shown, but these are

usually for water and must be adjusted for the density of the liquid pumped.

Where the pump is directly coupled to a fixed speed electric motor (a
common arrangement) pump speed is the same as the motor speed. The

speed of a synchronous electric motor is related to the frequency ( f ) of
power supply and the number (always even) of poles (p) in the motor by
N (rpm)= 120× f /p.

Thus for f = 50 Hz,

p N (rpm)

2 3000

4 1500

8 750

Actual speeds are usually slightly less than predicted due to slippage effects

in the motor. Note that operating pump speeds may differ from one country

to another reflecting the frequency of power supply. For example, f = 50 Hz

in Australia, but 60 Hz in United States of America.

Variable speed motors offer potential for reduced energy consumption

(Ruddell, 2010). Such motors are usually higher in capital costs, but lower

in operating costs, and offer environmental benefits derived from reduced

energy usage.

Higher pump speeds generate higher flow rates and heads, usually have

higher efficiencies, and are smaller in size than pumps providing the same

performance at lower speeds. This offers potential cost saving, though pump

speed may be limited by corrosion and wear effects on pump internals. For

example, slurry pumps typically run at lower speeds (1000 rpm or less) than

clean water pumps (1450 or 2900 rpm).

Dimensional analysis gives a guide to effect of speed on performance, that

is,

V ∝ ND3

�h ∝ N2D 2

P ∝ ρN3D 5

where N = pump impeller speed, D = impeller diameter. Multistage pumps

can achieve higher developed heads, for example, those required for boiler

feed water duty. Pumps, like compressors, may be driven by electric motors

or steam turbines. As with compressors, pump reliability is important in

process plants. It is common practice to duplicate pumps to achieve the

required reliability; this can usually be justified because of lower capital costs

than for compressors.
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7.3.5 Energy Conservation in Pumping of Liquids

Energy conservation opportunities include

• selecting a pump with higher efficiency

• modifying the process duty, for example, by reducing the required

head through equipment design, pipe sizing, and plant layout

decisions

• using variable speed drives.

7.4 Pressure Losses in Piping

Energy consumption through pumping and compression of fluids in process

plants may be reduced by reducing pressure losses in piping and equipment.

Pressure losses in piping for a given fluid system are influenced by the

diameter, length, design and layout of piping, and the selection and design

of valves and other pipe fittings.

7.4.1 Sizing of Pipes

In selecting pipe sizes for process and utility streams, several considerations

are important. Piping makes a large contribution, typically 20%, to process

plant capital costs. Piping cost increases with increased piping lengths, and

hence the complexity and layout of the plant, but also with increased pipe

diameter. There is usually a trade-off between capital cost (favoured by

smaller diameter) and energy consumed in pressure loss (favoured by larger

diameter). The trade-off between capital and operating costs is the basis

of so called ‘optimum diameter’ equations. Optimum diameter equations

are based on several assumptions (economic and technical), which may not

apply to all design cases.

Rules of thumb are widely adopted in initial sizing of pipes. For example,

for a low viscosity liquid, a velocity of 2 m/s might be adopted while for a

gas at low pressure, 15 m/s might be adopted. For gases at higher pressures,

higher velocities can be tolerated because of higher allowable pressure

drops. Sinnott and Towler (2009) provide useful guidelines for sizing pipes

based on superficial velocities, with corresponding pressure drops per length

of pipe. For viscous liquids, a range of superficial velocities based on pipe

diameter and liquid viscosity is recommended.

There are other factors influencing pipe sizing which include accounting
for
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(i) erosion or corrosion, for example,

(a) when handling 98% sulphuric acid at ambient temperature in mild

steel or cast iron piping, the velocity is often limited to 1 m/s to

minimise corrosion

(b) tube side velocity for coolingwater in shell and tube heat exchangers

is often limited to 2–2.5 m/s to minimise erosion of metal tubes

(ii) effects of fouling

deposition of scale, corrosion products, or suspended solids decreases

the effective pipe diameter. For a given mass flow rate, pressure drop is

inversely proportional to d5, where d is the internal pipe diameter, so

the effect of fouling can be significant. This effect is also relevant to heat

exchanger tubes.

Pipes are constructed in standard sizes—see Table 6.6 in Perry and Green

(1984) for steel and stainless steel pipe. Branch sizes on process equipment

in most cases will be similar to connecting pipe sizes.

7.5 Pressure Loss through Equipment

7.5.1 Heat Exchangers

Heat exchangers are widely used for heating and cooling process streams

in process plants. Duties may involve using hot or cold utilities, but may

alternatively involve exchanging heat between hotter and colder process

streams. Heat exchangers are also used to recover energy from process

streams to generate hot or cold utilities. The rate of heat transfer is given

by

Q = U A�T

where Q = rate of heat transfer

U = overall heat transfer coefficient

A = surface area for heat transfer

�T = overall temperature driving force for heat transfer

The rate of heat transfer must also satisfy the energy balance for the hot

and cold streams entering and leaving the heat exchanger, which may be

undergoing sensible and/or latent heat changes.

U , the overall heat transfer coefficient is a function of individual heat
transfer coefficients for each process stream and any fouling occurring on

heat exchanger surfaces. Values of individual heat transfer coefficients reflect
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the mode of heat transfer occurring (e.g., condensation, forced convection)

and the properties of the fluids comprising the process streams. Higher

values of �T will reduce the surface area requirements and hence capital

cost of an exchanger, but selection of utility and process stream temperatures

will be constrained. Careful selection of terminal temperatures for process

streams and utilities is an important aspect of heat exchanger design and

operation. This is a consideration in tackling all three of the flow-sheeting

problems in Part D of this book.

Heat exchangers contribute to energy consumption arising from hot and

cold utility use, but also from pressure loss due to fluid flow through the

exchanger which contributes to pumping or compression energy. Pressure

drops increase with higher velocities and longer flow paths of fluids. Certain

types of heat transfer (e.g., forced convection) are aided by turbulence

and higher velocities, which in turn lead to higher fluid pressure drops

through the exchanger. In these cases there is a trade-off between capital

costs and pressure drop in exchanger selection and design. A typical rule

of thumb for pressure drop in an exchanger is 30 kN/m2 for low viscosity

liquids; target pressure drops for gases reflect the supply pressure of the gas.

Design considerations for heat exchangers are covered in Sinnott and Towler

(2009) who also provide guidelines for typical heat transfer coefficients and

pressure drops.

7.5.2 Vapour–Liquid Contacting Columns

More difficult separations in distillation and gas absorption require greater

packing heights, or more trays, contributing to higher column pressure

drops.

The height and diameter of a distillation column for a given separation
can be modified by changing the reflux ratio, as discussed in Section 5.3.
Higher reflux ratios reduce the number of trays required but at the expense

of increased utilities consumption.

For vapour–liquid contacting, a choice can be made between tray and
packed columns. The primary purpose of trays in a tray column is to ensure
good vapour–liquid contact for mass transfer, but different tray types and

designs incur different pressure drops. For example, a bubble cap tray

typically has a higher pressure drop than a sieve tray for a given vapour–

liquid flow regime because of its relative vapour pathway, even though it may

offer compensating advantages. For a given tray type, choice of parameters

such as the number of vapour openings per unit of tray area (affecting vapour

velocity), and liquid hold-up on the tray, will affect vapour pressure drop
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through the tray. Allowable tray pressure drops are strongly influenced by

systempressure; for example, vacuumdistillationwill imposemore stringent

pressure drop requirements. As a guide, the dynamic slot seal (mean head

of liquid above top of slots in the cap) for bubble cap trays might range

from 20–25 mm for vacuum conditions to 50–75 mm for moderate pressure

conditions (Bolles, 1963).

Selection of packing size and type for a packed column influences the

vapour pressure drop through the column. Pressure drops for conventional

packing types typically vary between 0.2 and 1.2 kPa/m of packing height,

while structured packing might offer as little as 0.1 kPa per metre of packing.

In addition to the pressure drop through the packing, column internals such

as packing support plates, liquid distributors, mist eliminators, and hold-

down plates all contribute to overall column pressure drop. The designs of

liquid distributor and packing support plate can be modified to minimise

vapour pressure drop.

7.6 Agitation and Mixing

Agitation is provided in vessels to promote fluid mixing. Mixing objectives

can be diverse, and in some casesmultiple. Some common objectives include:

• maintaining uniform temperature or concentration in a reactor

• blending of two miscible liquids

• suspension of solids in a liquid

• dispersion of gas in a liquid

• dispersion of one immiscible liquid in another liquid

• promotion of heat transfer from a jacket or coil.

Mixing in vessels can be achieved by rotational impeller(s) on a shaft,

or by jets. Impellers draw fluid into the impeller zone and discharge it in a

particular direction. The resulting fluid motion depends on the magnitude

and type of disturbance to the fluid and the physical properties of the fluid,

especially viscosity. Selection of impeller type, diameter, and speed for a

mixing application must consider the purpose of mixing, the phases present,

and fluid viscosity. Jets create mixing by entraining fluid and achieving fluid

circulation patterns; jet mixing is often used in large storage tanks.

Impellers vary in shape and size, but can be broadly classified as

• propellers — high speed, promoting predominantly axial flow

• turbines —moderate to high speeds, promoting mainly radial flow

• paddles — low speed promoting predominantly tangential flow.
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Typically turbines and propellers have small ratios of impeller to vessel

diameter (D/DT), operate at high speeds, and in low viscosity liquids.

Paddles have high D/DT ratios and are used in high viscosity liquids or
where gentle agitation is required, for example, when avoiding physical

damage to crystals.

Agitated vessels vary in geometry and design. Vertical, cylindrical vessels
are most widely used. Impeller mounting is usually vertical at the vessel

axis with top shaft entry, but bottom shaft entry at vertical axis, and side

entry near the base of large tanks are also practised. Vessels can have various

internals affecting mixing, for example,

• baffles

• coils for promoting heat transfer

• pipes – for example, for liquid feed, probes – for instruments

• baskets (false bottoms) for dissolving solids.

Baffles are used to eliminate swirl and promote radial and axial motion
in the vessel. Centrally mounted impellers in the absence of baffles promote

tangential motion, with vortices formed in low viscosity liquids. Vortex depth

can be predicted from velocity profiles and pressure balances (Brennan,

1976).

Agitator performance has traditionally been evaluated using dimensional
analysis in conjunction with scale-up, reflecting the diversity of mixing

objectives, vessel and impeller geometries, and the complexity of turbulence.

Computational fluid dynamics is increasingly applied to assist in design.

Experimental studies at pilot scale have focused on

• fluid circulation produced by the impeller

• power consumed by the impeller

• performance criteria related to the mixing objective, for example,

mixing time or heat transfer rate.

Power input for agitated vessels can vary widely, ranging between 0.01
and 2.0 kW/m3 of fluid volume depending on the mixing objective and

the severity of agitation (Sinnott and Towler, 2009). Correlations for power

consumption at the mixer shaft have been developed for vessels with

standard geometries (typically, D/DT =1/3, and four vertical wall baffles
each of width 0.1 DT). Correlations have used dimensionless group plots of
Power number (P/ρN3D 5) versus Reynolds number (ND2ρ/μ) where ρ and

μ are fluid density and viscosity, respectively. ND is taken as a characteristic
velocity of the impellerwith N the rotational speed (in number of revolutions
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per unit time) and D the impeller diameter. Additional allowance must be

made for drive and coupling efficiencies.

For impeller Reynolds numbers (Re) between 1 and 10, Power number

Np is inversely proportional to Re. This region is referred to as the laminar
region. For Re> 10,000, Np for a given impeller is independent of Reynolds
number. This region is referred to as the turbulent region. For Reynolds
numbers between 10 and 10,000 there is a transition region. For low viscosity
liquids, impeller speed should be chosen in most cases to ensure mixing in

the turbulent region.

Correlations have also been developed for mixing performance, for

example, mixing time θ taken in a single-phase batch system to achieve a

defined degree of homogeneity; for baffled vessels in the turbulent region, Nθ

= constant. Where heat transfer occurs, heat transfer correlations resemble
those for heat transfer in pipes. The overall heat transfer coefficient is

estimated from the impeller heat transfer coefficient, and external coefficient

for the jacket fluid.

Useful references onmixing in agitated vessels include Sinnott and Towler

(2009), Perry and Green (1984), and Harnby, Edwards, and Nienow (1985).

An important consideration in all mixing operations is to use the power input

efficiently to achieve the desiredmixing performance. A variable speed drive,

usually incorporating a gearbox, offers flexibility in selecting the optimal

speed for mixing, and opportunity for energy conservation.

Static mixers used for mixing gaseous reactants prior to the reactor were

identified in Chapter 4 as having an important role in waste minimisation.

Static mixers are also used for a wide range of liquid mixing applications and

are an alternative to using agitation in vessels.

7.7 Heat Recovery

Consumption of hot and cold utilities on process plants can be minimised by

making best use of heat recovery opportunities from process streams. These

opportunities include heat recovery from hot streams to generate steam and

from very cold streams to generate general purpose coolants.

Opportunities also include exchange of heat between selected hot and

cold process streams to reduce overall demand in the plant for hot and cold

utilities. To maximise these opportunities, careful attention to temperature

profiles and temperature driving forces for plant heat exchangers is

necessary. A simple example is the recovery of process heat from a high

temperature gas stream by generating steam in an economiser, boiler, and
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superheater. Heat from the gas stream is exchanged counter currently with

the water/steam stream, with the hottest gas cooled in the superheater and

the final cooling in the economiser.

A further example is evident in the simplified flow diagram of sulphuric

acid manufacture (see Fig. 4.5). Gas leaving the third pass of the converter

at around 450◦C requires cooling to a lower temperature suitable for SO3
absorption. This gas stream is first cooled by exchanging heat with gas leav-

ing the intermediate absorber, and then further cooled by raising steam in a

waste heat boiler prior to entering the intermediate absorber. The gas leaving

the intermediate absorber undergoes two stages of heating before returning

as feed to the fourth stage of the converter: firstly by the gas feed to the ab-

sorber, and secondly by the gas stream from the second stage of the converter.

Much attention has been given in recent decades to the use of heat

integration techniques. These are discussed in design texts, for example, at an

introductory level in Sinnott and Towler (2009) and at amore advanced level

in Smith (2005). Process integration and associated pinch technology are

particularly important where large numbers of heat exchangers are required,

such as in petroleum refineries and chemical plant complexes. The design

approach can be used to minimise utility consumption and capital cost of the

heat exchanger network.

7.8 Energy Recovery from High Pressure Streams

Energy can be recovered from high pressure gas or vapour streams using an

expansion turbine (or ‘turboexpander’). The energy thus recovered can be

used to drive gas compressors. The expansion of most gases through a tur-

boexpander produces a cooling effect in the expanded gas (Joule–Thomson

effect), although there are exceptions (e.g., in the case of hydrogen, where a

heating effect results). Turbo expanders are widely used in the refrigeration

and liquefaction of gases where gas cooling is required, with the added ben-

efit of energy recovery for gas compression. Common applications are in the

processing of natural gas for the extraction of ethane and liquefied petroleum

gas, and in the liquefaction of natural gas to produce liquefied natural gas.

7.9 Insulation

Where temperatures of process or utility streams differ from ambient

conditions, temperature losses from equipment and piping can beminimised
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by insulation. Heat losses by conduction through the insulating material

are proportional to the thermal conductivity and inversely proportional to

the thickness of the insulating material. Actual losses will exceed calculated

losses due to factors such as moisture ingress, provision of expansion–

contraction joints, or poor practice in installation or maintenance. Choice of

insulating material depends on the operating temperature; perlite is widely

used at low or cryogenic temperatures, while calcium silicate might be used

at around 500◦C. Chapter 11 in Perry and Green (1984) discusses insulation
materials and economic trade-offs between installed cost and energy savings,

and provides useful references.

7.10 Plant Layout

There are many considerations in plant layout, but some design decisions

will affect energy consumption. A more widely spaced layout will involve

greater piping lengths and greater pressure drops for both process and

utility piping. Longer piping lengths also provide greater opportunities for

heat losses to atmosphere. Elevation of equipment will influence static head

requirements for pumps. One decision in this context is the elevation of an

overhead condenser and reflux drum in distillation (see Fig. 5.1). Elevation

can avoid the need for a reflux pump if reflux returns to the tower by gravity;

however, increased structural support will be required for both condenser

and reflux drum, and the required cooling water pressure at ground level

will be increased.

7.11 Concluding Remarks

Energy consumption in a plant is a function of many influences, including

• process and plant complexity, including number of equipment items

• equipment design features

• pipe sizing

• plant layout

• operating temperature and pressure of process equipment

• insulation practices.

An appreciation of the characteristics of pumps, compressors, agitators, and

their drives, and the contribution of equipment sizing and design to energy

consumption is integral with initiatives to minimise energy consumption.
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Similarly, opportunities for heat recovery can greatly reduce consumption of

hot and cold utilities.

Within the chemical processes reviewed in Chapter 4, gas compression

is an important source of energy use in chlorine, ethylene and sulphuric acid

manufacture. Heat recovery opportunities occur around reactors in ethylene,

sulphuric acid and hydrogen cyanidemanufacture. Agitation and cooling play

an important role in reactors in PVC manufacture.

In many cases, there are trade-offs between increased investment cost

and reduced energy consumption, offering reductions in both operating cost

and environmental impact. An important aspect of process engineering is the

perception, evaluation, and resolution of these trade-offs.

In conclusion, a checklist (Table 7.1) is provided of energy conservation

opportunities discussed in Chapter 7 for the process plant. These oppor-

tunities are useful additions to those in reaction systems (Chapter 4) and

selection of fuel and utility systems (Chapter 6).

Table 7.1 Seven essential energy conservation strategies for sus-

tainable process engineering

Increase process heat recovery
between process streams to generate utilities from energy in

process streams, and reduce hot and cold utility consumption

Select energy efficient
• compressors and pumps for process duties
• capacity control systems
• drives

Reduce pressure drop through equipment items and piping while
cognisant of performance and cost constraints

Achieve maximum process performance per unit of energy for
equipment such as vapour-liquid contacting columns, heat exchangers

and mixing devices

Provide effective insulation on hot and cold equipment and piping
Include energy conservation as one of multiple criteria in plant layout
Include environmental criteria in assessing and resolving trade-offs
between capital costs and energy consumption in design decisions
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Chapter 8

Materials Recycling

8.1 Introduction

In this chapter, materials recycling is explored within the following contexts:

• recycling of process streams within chemical processes

• economic and environmental benefits and burdens of recycling

• closed loop and open loop recycling

• materials recycling within product life cycles

• waste treatment, landfill, and incineration, as less preferred alterna-

tives within the waste management hierarchy.

8.2 Recycling of Materials in Chemical Processes

Recycle of materials is common in most processes involving chemical

reactions where feedstock conversion is incomplete. Examples of such

processes reviewed in Chapter 4 include

• recycling of depleted brine to brine cell feed in chlorinemanufacture

(Fig. 4.1)

• recycling of unreacted ethane to reactor feed in ethylene manufac-

ture (Fig. 4.3)

• recycling of unreacted vinyl chloride monomer for feed to future

batches in PVC manufacture (Fig. 4.6).

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
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In these cases, unconverted reactants are returned to the reactor, leading

to reductions in both raw material consumption and emissions to the en-

vironment. There are, however, other important considerations for recycling

process streams. For example, in processes involving reactant recycle,

• separation processes are required to separate unconverted reactants
from products leading to increased energy consumption

• recycled materials must often be pumped or compressed to reactor
feed pressure contributing to increased energy consumption

• material losses may be incurred through imperfect separations and
through purge streams occurring in the recycle loops contributing

to waste emissions.

8.2.1 Economics of Recycling Process Streams

Recycling within processes enables savings in operating cost through

• reduction in raw materials consumption

• reduction in waste treatment or waste disposal.

However, it incurs additional capital and operating costs through possible

• additional separation processes

• compression or pumping of recycled materials.

Thus an economic balance between costs and benefits is incurred.

8.2.2 Environmental Credits and Burdens of Recycling

Environmental credits derive from reduced raw materials consumption and

reduced emissions to the environment. Reduced rawmaterials consumption

implies

• reduced resource depletion

• avoidance of environmental impacts in upstream extraction of raw

materials and their subsequent processing.

Reduced emissions implies reduction in environmental impacts through

various damage categories. Environmental burdens are incurred in recycling
throughmaterials separation and transport, mainly due to energy consumed.

Thus an environmental balance between benefits and burdens applies.
Resolution of both economic and environmental balances is required to

determine the viability of recycling.
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8.3 Closed Loop and Open Loop Recycling

A distinction can be made between

• closed loop recycling and
• open loop recycling.

Figure 8.1 illustrates this distinction for a hypothetical reactor separator

system.

Figure 8.1 Closed and open loop recycling options. Adapted from Allen and

Rosselot (1997). Reproduced by permission of John Wiley and sons Inc.
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Closed loop recyclingwithin processes involves transfer of amaterial to an
upstream position in the processing sequence. In product recycling, closed

loop recycling involves transfer of material to an upstream position in the

product’s life cycle. Closed loop recycling may be practised with

(a) no material losses in the recycling loop

(b) material losses in the recycling loop.

Material losses are incurred when there is need to purge impurities to

maintain a required concentration (or quality) of material in the recycle

loop. This occurs, for example, in chlorine manufacture by brine electrolysis,

where precipitated impurities from salt (CaCO3, Mg(OH)2) and any trace

heavy metals are removed with some brine in the recirculated brine stream

(see Fig. 4.1).

Material losses can also occur through imperfect separations in the

recycling loop. For example, in the recycling of unreacted ethane to reactor

feed (see Fig. 4.3) there are losses of ethane to other streams in the various

separations by distillation.

Open loop recycling occurs when material from one production sequence

is recovered, reprocessed, and fed into a different and often unrelated

production sequence to make a saleable product. Examples of open loop

recycling in a product context include

• recovery of post-consumer polyethylene terephthalate (PET) bottles

which are then fed into fibre production;

• recovery of post-consumer PVC bottles for drain-pipe manufacture.

If waste is not recycled, it must either be

(a) treated to allowdischarge of suitable qualitymaterial to the environment

(b) disposed of as landfill

(c) incinerated or

(d) discharged directly to the environment.

Within a product’s life cycle, there is often a range of recycling options.

Materials produced at different stages of a product’s life cycle require

different treatment processes as part of the recycling loop before material is

returned to the product chain. Even for materials withdrawn from the same

point in a product’s life cycle chain, various options may exist in terms of

• treatment processes prior to recycling

• points of return for recycled material.
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8.4 On-Site and Off-Site Recycling

A distinction may be made between on-site and off-site recycling. In off-
site recycling (Fig. 8.1), waste is transported to another site where it is
transformed to a saleable product. Transport of the waste by road, rail,

ship, or pipeline incurs environmental impacts as well as public risk of

containment loss.

8.4.1 Examples of Off-Site Recycling

Surplus hydrogen rich streams from catalytic reforming units in petroleum

refineries are commonly piped off-site. Gases are separated from hydrocar-

bons with hydrogen bottled for supply to customers, while hydrocarbons are

returned to the refinery or sent to a petrochemical plant (see Fig. 3.5).

Other common examples of off-site recycling include

• regeneration of spent catalysts for reuse

• regeneration of waste sulphuric acid from refinery alkylation units

to produce saleable sulphuric acid

• recycling of used tyres, involving crumbing of spent rubber followed

by re-blending into new tyre rubber

• waste oil recovery and treatment to produce saleable transport fuels.

8.5 Producer and Consumer Waste

For a product life cycle chain incorporating product manufacture, use and

disposal, an important distinction exists between

• producer waste and
• post-consumer waste.

Producer waste is generated in production processes. Producer waste is
usually relatively clean, free of contamination, and of known composition.

Examples of producer waste include

• rejected materials such as glass from glass manufacture, paper from

paper manufacture

• off-cuts frommaterials such as aluminium sheet, polyurethane foam.
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Figure 8.2 Open loop recycling options for polyurethane foam.

Post-consumer waste (also termed municipal solid waste; MSW) is generated
by households, commercial establishments, and institutions. Mainly solid, its

composition can vary depending on its source, and can change over time.

Figure 8.2 shows open loop recycling of producer and consumer

polyurethane foam waste.

8.6 Hierarchical Approach to Materials Recycling

A hierarchical approach can be adopted towards recycling incorporating

reduction, reuse, recycling, and recovery.

Reduction involves improving process and product design to make

productswith consistent properties, but incorporating lessmaterial. This has
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also been termed ‘dematerialisation’. One example of reduction is the 375

ml glass beer bottle produced by an Australian glass manufacturer which

in 1986 weighed 260 g in 1986 and in 1997 weighed 180 g. This ‘light-

weighting’ leads to decreased raw material and energy consumption for

virgin glass bottle production.

Reuse involves using same objects or materials again without changing
their physical form. Examples include reuse of

• pallets, crockery, refillable bottles

• platinum catalysts, ion exchange resins, following regeneration.

Recycling involves use of waste material to reduce consumption of virgin
raw materials. An example is the recycling of waste paper for paper board.

Recovery is usually related to energy recovery, but includes recovery of
waste oils for heating and transport fuels.

Other terms sometimes used include a ‘treat and dispose of’ category,

with the expectation of some residual waste requiring disposal, for example,

by landfill.

8.7 Plastics Recycling

Plastic products have some environmental advantages, for example, their

• preserving facility reduces food wastage in storage, handling, and

transportation

• low weight reduces transport impacts

• moulding capability reduces generation of producer waste.

About 35% of plastics are typically used for packaging. Packaging has a short

life, with early disposal by consumer, often within weeks of its manufacture.

Most plastics packaging has traditionally been disposed of at landfill sites.

The chemical stability of plastics has contributed to the stability of landfill

sites but has also contributed to the need to find more new sites.

Some examples of plastics recycling options are shown in Fig. 8.3. Note the

optional points for withdrawal and re-entry to the main processing chain, as

well as treatment options. Options include

(a) Recycling around the user stage (or reuse). An example is the returnable

bottle system. Energy required is small compared with that for upstream

processing to make new bottles.
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Figure 8.3 Examples of options for plastics recycling.

(b) Material after product use is recycled to the raw materials acquisition

stage. In this case the recycling loop would include

• recovery and cleaning of polymer

• chemical conversion of the polymer to an acceptable monomer or

raw material form.

The recycling energy consumed in option (b) is likely to be increased beyond

option (a) but there is a reduction in raw materials and energy consumption

in the upstream processing needed for monomer production.
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Some technologies for open and closed loop recycling of plastics include

A. reuse in lower grade products as

• inert filler, using chemical stability property

• polyurethane scrap used as carpet underlay

B. secondary recycling with thermal reprocessing, used with

• vinyl polymers

• condensation polymers

• polyalkenes

C. chemical depolymerisation (or chemolysis) used with

• polyurethanes

• polyethylene terephthalate (PET)

D. thermal depolymerisation used with poly-methyl methacrylate

E. feedstock for hydrogenation, gasification, pyrolysis of hydrocarbons.

This option has been of interest for mixed plastics from MSW.

Useful references on plastics recycling technology include those of

Azapagic et al. (2003), Bhat (2007), Ehrig (1992), and Pongracz (2007) listed
under supplementary reading.

8.8 Glass Recycling

Used and recovered glass (post-consumer or commercial), as well as off-

specification glass, which is suitable for remelting is referred to as ‘cullet’.

Cullet is not onlymade into new containers, but also secondarymarkets such

as fibreglass and glasphalt (a paving asphalt using crushed cullet to replace

stone aggregate).

Cullet is one of four principal ingredients in container glass, along with

sand, limestone, and soda ash. By melting at a lower temperature than

glass-forming raw materials, cullet allows for a reduction of energy input to

melting furnaces with an added benefit of prolonging refractory life.

Cullet for container production is a mixture of in-house rejects and

post-consumer glass that has been beneficiated to remove contaminants.

Glass manufacturers have compared the cost of batch raw materials to

produce 1 ton of glass with the purchased price of cullet for recycling. For

container glass, a 10% increase in cullet reduces melting energy by 2.5%,

and emissions of particulates by 8%, of NOx by 4% and of SOx by 10%.

Several classification and separation issues, as well as economic

constraints must, however, be addressed.
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• Chemical composition differences exist between the largest product

categories — glass containers, window and automotive glass,

electronic glasses, fibreglass, and home cookware.

• Glass containers comprise approximately 4% by weight of MSW.

• Frequently only container and flat post consumer glass is recycled

commercially.

8.9 Recycling of Materials from Products

Many industrial products comprise multiple materials. In order to recycle

these component materials within the industrial economy, they must first

be separated before being fed into the various recycle loops with their

associated treatment requirements.

Examples of such products include motor vehicles, personal computers,

and lead–acid batteries. Lead–acid batteries require separation of lead, dilute

sulphuric acid (∼10% concentration by weight), and polypropylene, and

converting each component into reusable material.

An important consideration in both materials and product design is the

ease of disassembly of products into component parts and the consequent

ease of materials recycling. There can be conflicts between objectives of

design for product function and product recyclability.

8.10 Waste Treatment Option

If waste is treated, costs are incurred and there are secondary environmental

impacts. Raw materials and energy are consumed, and new wastes are

generated.

If a marketable product results,

• treatment costs may be offset by product sales revenue

• environmental impacts resulting fromwaste treatmentmay be offset

by impacts avoided in making the same product by an alternative

method. For example, impacts in scrubbing waste SO2 to make

synthetic gypsum may offset impacts incurred in mining natural

gypsum.

If waste is sent to landfill or incinerated, there are both

• associated charges and

• environmental impacts.
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Some waste streams may contain single pollutants such as sulphur dioxide

or ammonia within gas streams vented to atmosphere, and pose relatively

straightforward tasks in processing to convert the pollutant to a marketable

compound or a relatively harmless compound for disposal. However,

many waste materials, particularly those remaining from the processing of

minerals, are complex and represent considerable problems in relation to

processing, marketability or disposal.

One example of such a waste is red mud from alumina refineries; red

mud from MAL Aluminium Production’s damaged tailings reservoir in Ajka,

Hungary was reported (tce, 2010) to have a pH in the range 9.5 to 12 and

contain 40%–45% iron oxide, 10%–15% aluminium oxide, 10%–15% silicon

dioxide, 6%–10% calcium oxide, 5%–6% oxygen-bonded sodium oxide, and

4%–5% titanium dioxide. An important aspect of managing red mud waste

from alumina refineries is the dewatering of the red mud discharged from

the alumina refining process (Boger, 2010). Water is removed and recycled

for further use, while the thickened mud can be pumped to an area for dry

stacking. Application of rheological principles is a key part of the dewatering

process (Boger, 2010).

8.11 Aqueous Effluent Treatment and Water Recycling

Water is a key input into many processes as a raw material, and into the

generation of various energy related utilities used in processes. We can

identify the use of water as a key raw material or agent material in the

processes considered in Chapter 4. Examples include

• the production of chlorine-caustic soda involves use of water in the

soda cell to produce hydrogen and caustic soda

• the production of sulphuric acid involves the use of water in the

absorption of sulphur trioxide to produce sulphuric acid

• the production of ethylene uses water firstly as diluent steam in the

ethane cracking furnace, and secondly as water in the quenching of

reaction products after the waste heat boiler

• the batch production of PVC from vinyl chloride monomer uses

water for suspending VCM droplets and PVC particles as they are

formed.

The use of water in utility systems within a broad context was identified in

Fig. 6.1, and in more detail through the various utility systems discussed
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in Chapter 6. Water also has a key role in many separation processes, for

example, through use of live steam in distillation, aqueous solvents in gas

absorption, and solids washing in filtration operations. Water is also used in

equipment cleaning, either in direct cleaning or in rinsing following the use

of cleaning agents.

The many usages of water within process and utility systems lead

to a number of aqueous effluents of various compositions. Traditionally,

these effluents have been collected and combined into a single stream for

treatment, prior to discharge to a sewer. Some effluents may be suitable for

direct discharge to sewer and can bypass the treatment.

Processes for treating aqueous effluents have traditionally been subdi-

vided into

• primary

• secondary and

• tertiary treatment.

The objectives of primary treatment are to recover water as well as valuable
chemicals, and prepare the aqueous effluents from primary treatment

for secondary treatment. Primary treatment can involve many different

separation steps, depending on the nature of contaminants or materials for

recovery. Various solids removal processes are common, but other separation

processes such as stripping with air or steam, membrane separation, ion

exchange, and adsorption are widely used.

Secondary treatment involves biological processes, commonly aerobic and
anaerobic treatment, to break down organic matter into stable compounds.

Tertiary treatment involves the final polishing of aqueous waste water
for discharge and may involve nutrient (N and P) removal, ultrafiltration,

and disinfection. Useful discussions of water treatment methodology

include Zinkus, Byers, and Doerr (1998), Eckenfelder (2000), and Smith

(2005).

Depending on the availability and cost of fresh water, the value of

contaminants in the aqueous effluents, and the overall scale and complexity

of the water system, opportunities exist for recycling or directly reusing

certain effluent streams within the process. This approach recognises that

not all water streams used as process or utility inputs need to be of the same

quality. Design strategies formaximisingwater reuse based onmass flow rate

and impurity concentration (single contaminant) of effluents are outlined by

Smith (2005).



August 24, 2012 12:56 PSP Book - 9in x 6in 08-David-Brennan-c08

Disposal of Wastes 167

8.12 Disposal of Wastes

Traditionally, the most commonly encountered methods of waste disposal

have been landfill and incineration. Specialised waste such as radioactive

wastes from nuclear reactors, and carbon dioxide from power station flue

gases, require specialised approaches.

8.12.1 Landfill

Landfills have traditionally been sited on the outskirts of communities,

providing isolation from the health and environmental problems of

decomposing wastes, such as odour, litter, and vermin. A modern sanitary

landfill is an engineered site, selected, designed, and operated to minimise

environmental impacts.

Municipal wastes are deposited in a confined area, spread in thin layers,

compacted, and covered at the end of each working day. Key elements are:

• enclosing waste deposits underneath to prevent groundwater

contamination

• covering waste deposits to limit emissions to air and rain water

entry

• long-term stability to subsidence, erosion, and geological changes.

There is need to drain any liquid which collects within the waste and

becomes contaminated. This drained liquid, leachate, requires processing
before disposal; some concerns include pH and heavy metals content.

An important issue is landfill gas, generated by the degradation of organic
materials. On modern sites, the gas is collected and flared, or preferably used

as a low calorific value fuel, sometimes with electric power generation. In

Melbourne, some landfill sites have associated electricity generation (e.g.,

11 MW were being generated at Clayton, Victoria around 2000). Figure 8.4

shows some key features of a municipal landfill.

Alternatives to landfills are

• deepwells (used in the United States for disposal of hazardous liquid

wastes) and

• old mines (e.g., salt mines in Germany and Poland). Salt mines offer

very stable geological structure.

The number of landfills is generally decreasing (the number in the United

States halved between 1988 and 1998), but individual landsites are

becoming larger. Related factors include the following:
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Figure 8.4 Schematic outline of a landfill with liners and leachate collection.

• Many old landfills, not meeting current standards, are being closed.

• It is becoming increasingly difficult to site new landfills, due to

restricted availability of suitable land and to community opposition.

• Costs of site design, construction and operation, including leachate

and gas collection and treatment, favour large scale facilities.

New landfill sites are becoming harder to establish because of public

opposition. Objections are nuisance issues (dust, noise, traffic, odour),

environmental concerns (groundwater pollution from leachate, migration

of landfill gases to nearby properties), and land usage. Landfill costs are

increasing due to more stringent site controls, promoted by legislation

and community expectations. In some countries landfill taxes have been

introduced.

Distinction should be made between

• municipal waste landfills and

• prescribed waste landfills.

A prescribed waste landfill might handle all of putrescible waste (plant and

animal residues which are degraded by bacterial action), solid inert waste,

low level contaminated soil, and prescribed wastes, but exclude soluble

chemical wastes, hazardous wastes and liquid wastes.

8.12.2 Incineration

An alternative to landfill is incineration. Depending on the amount of O2
present, treatment can be classified as
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• pyrolysis or gasification involving starved air, or

• incineration involving direct combustion.

Temperature, residence time, and turbulence (3 T’s) are important.

Most incinerators operate with generous design allowances to ensure all

combustible components are decomposed and converted to CO2, SO2, H2O,

HCl, Cl2, P2O5, N2. Temperatures and construction materials are important in

downstream gas cleaning systems and stacks.

Themain EC directivemaintains an integrated pollution control approach.
The directive sets out operating conditions and emission limits for

hazardous waste incineration plants. Permits require that composition

and characteristics of waste are made known to the incinerator operator.

Combustion chamber temperature is maintained at 850◦C for 2 seconds

in the presence of 6% oxygen. If waste has >1% halogenated organics,

temperature must exceed 1100◦C. Emission limits for gases are specified
in EC directive. Wastewater and waste heat release are also required to be

minimised. Slow cooling of combustion gases in temperature range 450–

200◦C has been identified as a major source of dioxins (polychlorinated

dibenzofurans and polychlorinated dibenzo-p-dioxins). Dioxins are highly

toxic substances. Concentration limits for dioxins in emitted gases have been

set at 1 ng/m3, with a target of 0.1 ng/m3.

A recent area of interest is the use of cement kilns (which operate at high

temperatures) for combustion ofwaste car tyres and plastics. The application

of incineration and energy recovery to MSW is discussed by Kirkby and

Azapagic (2004).

8.13 Concluding Remarks

Materials recycling can occur within processes and within the product life

cycle. In the waste management hierarchy (discussed in Chapter 2) recycling

is preferred to waste treatment which in turn is preferred to waste disposal.

Recycling has economic and environmental benefits but it may also incur

economic and environmental burdens. It is important to identify, evaluate,

and resolve all benefits and burdens in decision-making.

It is easier to recycle materials of single composition than composite

materials of complex composition if it is desired to recover individual

components of the composite material. This is an important consideration in

selecting materials for products. An example is materials selection for body,

engine, and internal cabin components in motor vehicles. Product design for

ease of disassembly may also be important in certain cases.
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Offsite recycling may be seen to come under the umbrella of industrial

ecology, both for processes and for products. In future generations, materials

recyclingmay become of even greater strategic importance as a source of raw

materials if certain metallic ores become scarcer, or of substantially lower

grades.
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Chapter 9

Waste Minimisation in Operations

9.1 Non-Flow-Sheet Emissions from a Process Plant

Some process effluents, such as purges and terminal streams to atmosphere

and to drain, are identifiable from a well-defined process flow sheet

supported by mass and energy balances. These effluents reflect steady state

operation of the plant according to design intent.

However, there are other sources of effluents possible, derived both from

the physical plant and the complexities of its operating procedures. These

sources include

• plant start-up and shut-down procedures

• abnormal operating conditions of the plant

• maintenance of equipment and plant

• cleaning and purging of equipment and plant

• product grade changes in multiproduct plants necessary to achieve

distinct properties for different product applications

• defects in equipment and piping.

For many of these cases, pressures, temperatures, flow rates, and compo-

sitions of process streams can differ from design intent. Special provisions

must be made for all of these cases to protect the environment.

Process control has an important role in minimising waste in operations.

This role is exercised through monitoring process conditions using a

comprehensive range of instrumentation, and adjusting to deviations from
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intended conditions using control systems. Analytical instruments are

finding increased use for monitoring concentrations of different molecular

species in process and effluent streams, in ambient air and water bodies,

and wastes at various stages of treatment and disposal. Good process

control systems, as well as accounting for deviations from intended process

conditions, can also assist smoother start up and shut-down routines.

Despite good process control systems, failures in equipment, instrumen-

tation, piping and valves, and utility supply, as well as human error occur

periodically, and can lead to major environmental accidents.

9.2 Plant Start-Up

During start-up, it is necessary to bring temperatures, pressures, and

concentrations of process streams to design conditions to ensure reaction

and separation steps perform satisfactorily. Even after the main preparatory

steps have been made to achieve required process conditions, a period is

necessary to approach a stable operating regime. The duration of this period

depends on the nature of the process, its inherent stability and complexity,

and the supporting process control system. During this approach period, it is

difficult to avoid additional wastes being formed.

One important task during start-up is the purging of equipment and

piping to remove air before introducing flammable process materials.

Nitrogen is most commonly used for this purpose. Once the atmosphere in

the process equipment has been rendered inert, the reactant feed material

can be introduced. There is a period, however, where the nitrogen/process

material mixture must be purged from the plant safely. This may involve

combustion or some other disposal process which incurs additional

environmental impact.

9.2.1 Case Example — Starting Up a Sulphuric Acid Plant
(Refer to Case 4 in Chapter 4)

Catalyst temperatures in the reactor need to be raised to approximately

430◦C for required equilibrium and kinetic conditions for the oxidation of

sulphur dioxide to sulphur trioxide. For a sulphur burning plant this can be

done by burning fuel in dry air upstream of the reactor, and passing the hot

air through the catalyst beds. However, it is difficult to achieve

• steady state conditions due to heat losses

• smooth transition from fuel burningmode to sulphur burningmode.
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Hence when the transition is made,

• catalyst temperatures may not be optimal for conversion of SO2 to

SO3
• gas and acid temperatures and acid concentrations may not be

optimal for SO3 absorption.

This leads to potentially higher emissions of SO2 and SO3 during start-up

thanwould be encountered under normal steady-state operation of the plant.

9.3 Shut-Down of a Plant

It is important to make a number of provisions to minimise waste at

plant shut-downs. The extent of the provisions depends on the duration

and purpose of the shut-down. Shut-downs can be emergency or routine.

Examples of essential provisions include

• drainage of equipment (e.g., reactors, columns) to suitable tanks

• provision of space at the base of vapour–liquid contacting columns

for collecting drainage from trays or packings

• pressure venting from reactors and vessels

• pipeline drainage and purging of liquids that solidify on cooling

• purging of gas lines using inert gas

• related allowances in instrumentation and process control.

For shut-down, purging toxic or flammable process material from the plant

may be necessary. In such cases, purging and venting must be directed to

suitable sinks, such as flares or scrubbing towers.

9.4 Abnormal Operation

Abnormal operation covers a wide range of deviations from design intent.

Possible deviations could include

• faulty opening of a relief valve or bursting disc

• membrane rupture

• failure of a utility supply, for example, electricity or cooling water

• variation in reactor feed composition

• failure of a valve

• failure of instrument or process control system

• human operator error

• corrosion, erosion, or mechanical failure in piping or equipment.
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Figure 9.1 Examples of deviation from intended behaviour.

These deviations are similar to those explored in a hazard and operability

(HAZOP) study, where the primary consideration is safety (see Chapter 12).

However, environmental consequences of many of these deviations can be

serious andmust be evaluated. Some examples of abnormal events are shown

in Fig. 9.1. In some cases, fluids can be released directly to atmosphere,

waterways, or land. In other cases, process or utility streams can become

contaminated, leading to generation of product waste, or other releases to

the environment.

Equipment or piping failure can lead to leakage of fluid into the

environment. This could occur

• directly, for example, at a pipe flange, or

• indirectly, for example, by leakage in a heat exchanger into a separate

process stream or into cooling water.

9.5 Plant Maintenance

When equipment is removed from operational service for maintenance it

must be opened up for cleaning, inspection and repair. For example,

• a worn pump impeller may need to be replaced

• a statutory pressure vessel inspection may be required
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• a heat exchanger, or pipe flange, may have developed a leak needing

to be sealed.

In isolating an equipment item from operating service for maintenance

purposes:

• the draining or venting of process fluids may be a source of

emissions

• if the plant continues to operate, process abnormalities may be

caused by the absence of the specific equipment item from the

process

• complete plant shut-down may be necessary with its implications

for emissions.

9.6 Cleaning of Plant and Equipment

When a vessel, filter, or heat exchanger is cleaned, the deposits may be

difficult to remove. The deposits themselves constitute an accumulated

waste.

Water, steam, acid, or alkaline cleaning may be effective in removing

deposits, but the resulting slurries or liquids may in turn need purification,

due to contamination by the deposit material. If acid or alkali cleaning is

used, subsequent neutralisation or rinsing may be needed, thus causing yet

another waste — the product of the neutralisation or rinsing step.

It is important to

• understand the fouling mechanism and take preventive action

• develop a cleaning method which minimises waste.

9.7 Fouling

Fouling involves the formation of an undesired deposit on the surface of

equipment, equipment internals, or piping during plant operations. Some

common causes of fouling include

• particulate matter in fluid adheres to a surface (e.g., heat transfer

surface)

• deposition of solids due to evaporation or solubility changes

• polymerisation
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• decomposition (e.g., carbon formation)

• corrosion

• biological growth

• low cooling water velocity in heat exchanger tubes.

Common effects of fouling are

• reduced rate of heat transfer

• increased pressure drop.

Tominimise fouling

• gain an understanding of the composition and properties of a

deposit and its means of formation

• monitor temperatures of process streams and equipment surfaces,

and maintain them within allowable limits

• monitor velocities of process and utility streams, andmaintain them

within allowable limits

• monitor compositions of process streams, and where possible avoid

contaminants which promote fouling.

9.8 Transport and Storage of Raw Materials and Products

Environmental burdens and risks in transport and storage of process

materials were identified in Chapter 3 (Section 3.3) as a major driving force

for improved industrial ecology. Figure 9.2 summarises the essential steps

Figure 9.2 Transport of product from Plant A to Plant B.
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in transport of process materials incurring storage, loading, and unloading

activities, as well as the transport operation. Road and rail transport of haz-

ardous materials has serious potential for damage to the environment and to

humans, with some serious incidents recorded in the past, involvingmultiple

fatalities of civilians. However, there have also beenmany environmental dis-

asters frommarine transport, including instances of lost lives. A well known,

but by no means only, example is the crude oil spill from the Exxon Valdez.

Marine transport of bulk materials transport is discussed by Rawson (1994).

Environmental damage from spillages in marine transport is of particular

concern when spillages occur at environmentally sensitive locations such as

rivers, near coastlines, and areas of major environmental significance such

as the Great Barrier Reef, off the north east coast of Australia. It is important

to recognise that fuel oil leaks can occur even with benign cargoes.

Environmental risks resulting from accidental release of materials from

storage, transport, and handling, as well as processing, have often been

omitted from life cycle assessment studies performed thus far. In the event of

a spill, containment of a liquid is more difficult than containment of a solid.

This is one reason why bulk transport of liquid sodium cyanide is restricted.

Crude oil spills are a good example of the difficulty in containing liquid spills.

An important approach to minimising environmental impacts from

transport and storage of materials lies in effective industrial planning and

site selection of process plants. This is discussed in Chapter 15. In operations,

emphasis should be on well-defined operating, maintenance, and emergency

response procedures. Careful consideration of transport routes, integrity of

transport vehicles, and personnel training is also important.

9.8.1 Storage Tanks

Frequent environmental impacts from storage tanks include

• periodic removal of sludge from tank bottoms

• emissions to air of volatile organic compounds (VOCs) from roof

vents on atmospheric pressure tanks.

Sludge comprises corrosion products and heavy suspended matter from

material being stored. If impurities are compatible with downstream use,

theymay be suspended bymixing or emulsifying techniques. Otherwise, they

must be periodically removed and either treated or disposed of.

VOC emissions result from increase in liquid levels in tanks storing VOCs.

Level increases are caused by
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• filling operations (referred to as ‘working losses’) which result in

vapour displacement

• changes in atmospheric temperature or pressure (referred to as

‘standing losses’), for example, expansion of liquid contents due to

increase in ambient temperatures.

Storage tank emissions are influenced by tank design which may be

• fixed roof, of domed or conical design

• internal or external floating roof design.

Emission quantities depend on the vapour pressure of the stored liquid, tank

design, paint colour and condition, and tank location. Fixed roof storage tanks

are cheapest to construct but have larger emissions. Treatment of released

vapours externally from the tank (e.g., by adsorption, liquid scrubbing) can

be effective in reducing emissions but incurs additional costs.

In the case of floating roofs there are several design options:

• An external floating roof tank without a fixed roof, where a floating

deck rises and falls with change in liquid level. Emissions result from

evaporation of liquid from the exposed shell wall.

• A domed external roof tank, similar to external floating roof design

but with a self-supported domed roof above the floating roof. This

design of floating roof tank is claimed to achieve a 60% to 99%

reduction in emissions compared to a fixed roof tank.

Details of tank design and construction may be found in

• Perry’s Chemical Engineers’ Handbook
• US EPA website under www.epa.gov/ttn/chief which also provides

estimating procedures and software (TANKS program) for estimat-

ing emissions.

9.8.2 Major Environmental Incidents Arising from Storage

Major environmental damage can occur in the event of tank failure, derived

from the large inventory of material stored. Similar approaches to HAZOP

studies can be adopted to examine possible causes and consequences of

failure. Special design approaches can be employed to minimise damage in

the event of spillages or releases to atmosphere, for example,

• bunds to contain spilled liquid

• tank location and diversion schemes to prevent contamination of

rivers or groundwater
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• containment of storage within ventilated buildings where toxic

materials are being stored.

9.9 Fugitive Emissions

Fugitive emissions are unintentional releases of process fluid from equip-

ment or open areas such as drains. Any plant component prone to leak is

a potential source of fugitive emissions. Plant components contributing to

fugitive emissions include valves (including pressure relief valves), pump and

compressor seals, and pipe flanges.

Emission rates from a plant component can be estimated from the

relationship

E = mvoc × fav

where

E = emission rate (say of VOCs)

mvoc = mass fraction of VOC in process stream undergoing leakage

fav = average emission factor for a plant component.

Some estimates of emission factors for combinations of plant item and

process fluid are shown in Table 9.1. Table 9.2 lists typical numbers of

emission sources for selected refinery units. Data for Table 9.2 may not be an

accurate reflection of current plant designs for refinery units, but illustrates

the accounting approach.

Table 9.1 Average emission factors for estimating refinery fugitive emissions.

Extracted from Allen & Rosselot (1997) p. 135

Emission factor, f av
Equipment Service kg/hr/source

Valves Hydrocarbon gas 0.027

Light liquid 0.011

Heavy liquid 0.0002

Hydrogen gas 0.0083

Pump seals Light liquid 0.11

Heavy liquid 0.021

Compressor seals Hydrocarbon gas 0.63

Hydrogen gas 0.05

Pressure relief valves Hydrocarbon gas 0.16

Liquid 0.007

Flanges, other connectors All 0.00025

Open-ended lines All 0.002



August 23, 2012 12:19 PSP Book - 9in x 6in 09-David-Brennan-c09

180 Waste Minimisation in Operations

Table 9.2 Estimates of number of individual emission sources for selected refinery

units (US EPA, 1980)

Pump Compressor
Process unit Valves Flanges seals seals Drains Relief valves

Catalytic hydrotreating 650 2600 10 3 24 6

Catalytic reforming 690 2760 14 3 49 6

Hydrogen production 180 640 5 3 17 4

Sulphur recovery 200 800 6 0 20 4

More refined techniques for estimating fugitive emissions on an operating

plant rely on source specific emission tests or continuous emission

monitors. Fugitive emissions may be minimised by attention to design,

monitoring, andmaintenance of equipment and piping. For a proposed plant,

including proposed modifications to existing plant, systematic identification

of potential sources of fugitive emissions, as well as accidental spills, requires

a well-developed piping and instrumentation diagram (see Chapter 16).

9.10 Environmental Risks Resulting from StormWater

Storm water can entrain solids and immiscible liquids such as oils, as well

as dissolve soluble salts. Such salts may be present as spillage or may

accumulate as dust on equipment or piping surfaces. An example of a

plant where storm water collection and treatment is critical is solid sodium

cyanide manufacture; in this case the cyanide salt is toxic.

Proper provisions must be made for collection, assessment, and treat-

ment of storm water from all process plants prior to discharge to the

environment. Collection provisions should reflect rain intensity, which varies

during the year, and can be high in tropical regions. For further reading see

Garg and Pair (1995).

9.11 Risks in Mining and Extraction of Materials

In extending our focus beyond process plants and the storage and distribu-

tion of raw materials and products, there are important environmental and

safety risks in themining and extraction of rawmaterials, minerals, and fuels.

Examples include the risks of explosions in coal mines, of contamination

of land and waterways in mining and mineral processing, and of oil leaks

in the exploration and extraction of petroleum. A recent example in oil
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extraction (April 2010) is the explosion and fire on the Deepwater Horizon

drilling rig and subsequent oil leak in the Gulf of Mexico threatening the coast

of Louisiana, Texas and the Mississippi estuary in United States. Estimates of

leakage rates reported in news media ranged from 1000 to 8000 barrels a

day.

9.12 Concluding Remarks

We have seen how it is necessary to look beyond the design case to

the operating plant, beyond intended plant operation to abnormal plant

operation, beyond plant operation to plant maintenance and cleaning,

and beyond the boundaries of process plants to transport and storage of

raw materials and products. This approach is similar to the progressive

consideration of detail in the design of a process plant design, from

process to equipment to plant, and from process flow sheet to piping and

instrumentation diagram.

Failure to contain spillages during operation can result in long term dam-

age to land and groundwater. Such damage can have major implications fol-

lowing plant closure and decommissioning. Site remediation can be lengthy,

technologically difficult, and costly, and is not uncommon on processing

sites which have been in use over many decades. One example is the

Botany chemical site in Australia, where Orica are undertaking a number of

remediation initiatives (see http://www.oricabotanytransformation.com/.)

This emphasises the importance of provision for collection and containment

of spillage, as well as high standards in operations, maintenance, and

cleaning of plant and equipment.

The contribution of fugitive emissions to total emissions from a process

plant and site can be major. Fugitive emissions can be minimised in design

both by limiting the number of potential emission sources and by careful

selection of seals, valves and fittings. Minimisation of fugitive emissions in

operations can be assisted by systematically monitoring plant emissions, and

regular inspection and maintenance of components contributing to fugitive

emissions.
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1. Chlorine Production and Purification

Figure 4.1 showed a simplified flow diagram for the reaction and feed

systems of a mercury cell plant for producing chlorine and caustic soda.

(a) In the operation of such a plant identify the

(i) potential sources of mercury release to the environment and

(ii) potential contamination of product streams with mercury.

Postulate the potential damage which could result from such releases

and product contamination.

(b) With reference to Fig. 4.2 explain the essential features of a membrane

cell for chlor-alkali production. What is the key advantage of the mem-

brane cell compare with the mercury cell? Are there any environmental

disadvantages of the membrane cell?

(c) Figure 5.4 showed a simplified flow diagram for the purification of

chlorine from electrolytic cells. It is proposed to cool and dry chlorine

gas generated in a membrane cell prior to compression, for piping to a

customer plant. Chlorine is to be dried using concentrated sulphuric acid.

Recommend strategies for

(i) minimising consumption of sulphuric acid in the drying operation

(ii) recycling dilute acid for use within the drying plant.

(d) It is proposed to compress chlorine gas from a 200 tonnes per day

chlorine plant. Chlorine will be compressed from suction conditions of

1 bar abs, 35◦C to a delivery pressure of 3 bar abs.

(i) Assuming adiabatic compression, estimate by calculation the power

requirements for the compressor.

(ii) Calculate the temperature of chlorine gas leaving the compressor.

(iii) If the chlorine gas leaving the compressorwere cooled to 40◦C using
coolingwater available at 28◦C, calculate the required coolingwater
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consumption stating the assumptions made. What advantage might

air cooling have over water cooling for this duty?

Properties of Chlorine Gas
Density at 1 bar abs, 0◦C= 3.22 kg/m3

Ratio of specific heats γ = 1.36

Specific heat of chlorine gas= 0.5 kJ/kg K

Specific heat of water= 4.2 kJ/kg K

2. PVC Production from Vinyl Chloride Monomer

A simplified flow sheet and process description for the batch production

of PVC from vinyl chloride monomer was provided in Chapter 4 with some

supporting literature references.

(a) Why is cooling of the PVC reactor necessary, and by what means is it

carried out in industrial practice?

(b) Why is conversion of VCM to PVC in the batch reactors incomplete?

(c) Why is refrigeration of the VCM vent stream released during slurry

degassing necessary? Assume the vent stream composition is 97.2%

VCM, 1.3% H2O, 1.3% N2, 0.2% CO2 by mass.

(d) Why is incineration of the VCM vent stream released during slurry

degassing necessary?

(e) Give two possible causes from within the PVC manufacturing process of

producing ‘out of specification’ PVC product.

Useful References
Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,

Germany.

Websites for PVC manufacturers, for example:

European Vinyls Corporation: http://www.vinyl2010.org/ and http://www.

vinylplus.eu/

Australian Vinyls: www.av.com.au

Vinnolit: http://www.vinnolit.de/vinnolit.nsf/id/EN Home

3. Waste Minimisation in Nitric Acid Production

Nitric acid is manufactured commercially by the catalytic oxidation of am-

monia to nitric oxide at elevated temperature, followed by low temperature
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oxidation of nitric oxide to nitrogen dioxide, and absorption of nitrogen

dioxide in water (in the medium of a dilute nitric acid solution). Variations of

the process exist especially in relation to selection of design pressure. Some

useful references dealing with the process are appended below.

(a) Identify all process wastes arising from the manufacture of nitric

acid from ammonia, assuming ammonia is supplied as a liquid stored

under atmospheric pressure. Indicate the type of environmental damage

caused by each waste. Identify the source of each waste, and explain

how the waste is formed. Identify design and operational strategies to

minimise the formation of each waste. Consider

(i) normal operation

(ii) start-up

(iii) shut-down

(iv) abnormal operation.

(b) Identify all potential utility wastes arising from the process, stating

your assumptions. Also, identify any potential credits for avoiding waste

derived from utilities generation within the process. Indicate the type of

environmental damage, or credits relevant to each waste.

(c) For the process wastes identified in part (a), identify and explain

concisely alternative treatment methods (end of pipe approaches).

Provide a table summarising the environmental burdens and cost

considerations for the alternative methods.

(d) Concern has been expressed about the effectiveness of the absorber in

absorbing nitrogen dioxide gas (NO2) in water. Suggest two changes

in process conditions which might increase the recovery of NO2 in the

absorber.

(e) Consider a nitric acid plant where gases leaving the reactor are cooled

from900◦C to 230◦C to generate steam at 20 bar abs pressure and 330◦C.
Suggest how the steam would be generated and used within the nitric
acid plant.

Useful References to Nitric Acid Process Technology
Azapagic, A., Duff, C., and Clift, R. (2004) Integrated prevention and control of air

pollution: the case of nitrogen oxides, in Sustainable Development in Practice
(A. Azapagic, S. Perdan, and R. Clift., eds. ), Wiley, Chichester, UK.

Moulin, J. A., Makkee, M., and Van Diepen, A. (2001) Chemical Process Technology,
Wiley, Chichester, UK.
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Sinnott, R. and Towler, G. (2009) Chemical Engineering Design, Elsevier, Oxford, UK,
Ch. 4.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

4. Steam Generation

It is planned to generate 12 tonnes per hour of saturated steam by

combustion of natural gas in a boiler. The steam will be generated at a

pressure of 10 bar abs for use in a plant. Ten per cent excess air over

that required for stoichiometric combustion will be used. Boiler efficiency,

defined as the ratio of heat used in steam generation to heat released by fuel

combustion, is 75%.

(a) Indicate, without making actual calculations,

(i) how the flame temperature in the boiler furnace could be estimated

by calculation

(ii) why excess air is used in the fuel combustion

(iii) the major source of the inefficiency in the boiler

(iv) two common losses of steam from the steam circuit, and why they

occur.

(b) Using the data provided below, calculate

(i) the mass flow rate of natural gas consumed

(ii) the mass flow rate and mass composition of the flue gas.

Simplify the calculation by assuming that natural gas composition is pure

methane, combustion air is dry, and there is negligible NOx in the flue gas.

(c) A source of 200 kg/h of hydrogen gas is available for burning in the boiler.

(i) What reduction in the natural gas consumption can be achieved by

burning the available hydrogen fuel?

(ii) Quantify the benefits in environmental emissions from burning the

supplementary hydrogen.

(d) Consider a case where saturated steam at 10 bar abs is used for heating

within the plant. It is proposed to reduce the pressure of the resulting

condensate from 10 bar abs to 1 bar abs pressure through a valve.

Calculate the proportion of the condensate which flashes off as steam.

(e) It is proposed to modify the boiler to produce steam at 10 bar abs

pressure but superheated to 300◦C. If steam from the superheater were

expanded in a perfect steam turbine to 1 bar abs pressure, determine the
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temperature and condition of the steam at the turbine outlet. State your

assumptions.

(f) Give concise details of the methods used to remove dissolved oxygen

from boiler feed water in steam generation. Why is oxygen removal

important?

Data for Question 4

1. Fuel properties

Heat of combustion of methane: 50 MJ/kg

Heat of combustion of hydrogen: 142 MJ/kg

2. Steam properties

SaturatedWater and Steam
P (bar abs) T (◦C) hf (kJ/kg) hg (kJ/kg) sf (kJ/kg) sg (kJ/kg)

1 99.6 417 2675 1.303 7.359

10 179.9 763 2778 2.138 6.586

Superheated Steam
10 300 3052 7.124

Note: h, enthalpy; s entropy; f, water; g, gas.

5. Recirculated Cooling Water

Water is supplied from an industrial cooling tower at a rate of 0.52 m3/s to a

process plant. The ambient wet bulb temperature is 23◦C, the cooling water
supply temperature is 27◦C, and return temperature of cooling water to the
tower is 49◦C. The cooling water is delivered from the circulation pump(s) at

a pressure of 6 bar g.

(a) Estimate (using calculation) the evaporation loss in the cooling tower.

(b) Assuming negligible entrainment loss from the cooling tower, estimate

the make-up and purge mass flow rates in the circuit if make-up water

contains 30 ppm total dissolved solids (TDS) and the recirculated cooling

water contains 300 ppm TDS.

(c) Identify two possible aspects of water quality which might contribute to

the 300 ppm limit on dissolved solids concentration referred to in part

(b).

(d) Estimate the power required to circulate the cooling water, stating the

assumptions made.
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(e) Recommend the number of cooling water pumps and the drive type for

each of these pumps. Give your reasons.

(f) Consider process heat exchangers in a plant located in your region

where cooling is achieved using recirculated cooling water. Nominate

typical maximum inlet and maximum outlet cooling water temperatures
for heat exchangers operating in summer. What factors govern these two
maximum temperatures you have nominated?

6. Materials Recycling

Select a particular material from

• glass containers

• aluminium

• newsprint

• lead

• polyurethane foam

• steel.

For the material selected

(a) Identify the processing, materials handling and transport steps as-

sociated with the recycling activity. Identify any changes in material

composition during recycling.

(b) Develop a simplified life cycle model of the material flow, identifying its

production, use and disposal phases. Establish the relationship of the

recycling activity to the life cycle material flow; in particular, identify the

points atwhich the recycledmaterial leaves and re-enters the production

flow chain.

(c) Identify key contributors to capital and operating costs for the recycling.

(d) List the environmental impacts

(i) saved by recycling

(ii) incurred in recycling.

(e) Make an assessment of the overall viability of the recycling case

considered.

Aspects for consideration in the material recycling study:

(i) To what extent are material properties enhanced or degraded during

recycling?

(ii) What is the economic value of the material being recycled?
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(iii) What is the economic value of the resources used to make the recycled

material?

(iv) How complex is the composition of the recycled material?

(v) What are the properties of the recycled material?

(vi) Where is the material withdrawn and returned in relation to the

product life cycle, and what material transformations occur between

these points?

(vii) What transportation distances are incurred during the recycling

activity?

(viii) What are the limitations in available technology?

(ix) How favourable are the scale economies?

(x) What government incentives for recycling apply?

Note: Reference to Chapter 13 could assist with part (c).
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Chapter 10

Life Cycle Assessment

10.1 Introduction

In this chapter we explore themethodology of life cycle assessment (LCA) for

use in the environmental assessment of processes and products.

LCA is a method which has been developed to provide a quantitative
assessment of the environmental impact of a product over its entire life cycle.
LCA accounts for both inputs and outputs, each derived from both process

and utility sources:

• inputs— consumptions of raw materials, energy, fuel and water

• outputs—emissions to air, land and water.

Figure 10.1 depicts the key stages of a product life cycle with inputs

and outputs incurred at each stage. In some cases, there may also be

consumptions and emissions at the product disposal stage. By-products are

grouped with emissions as outputs, since by-products are distinct from the

main product processing and use chain. Market demand for by-products

dictates whether by-products can be usefully sold into other product chains,

or alternatively require disposal. The disposal option may involve additional

prior treatment.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
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Figure 10.1 Inputs and outputs for an LCA study (Brennan, 2007) [Brennan Ch. 3

in Kutz ed. ‘Environmentally Conscious Materials and Chemicals Processing’ c© 2007

John Wiley and Sons. Reproduced with permission of John Wiley and Sons, Inc.]

10.2 Product and Process Applications

LCA has been most widely applied to products. One objective has been to

establish which of several competing products has the least environmental

impact for a given product function. Another objective has been to determine

which part of a product’s life cycle incurs the greatest environmental

impact; this then directs activities such as sourcing alternative rawmaterials,

developing an improved processing technology, or improving product

design.
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Product functions can be very diverse, for example,

• beverage containers

• paints for surface coating

• packaging for products

• automobiles.

LCA can be applied to competing materials for product applications, for

example,

• steel, aluminium, or polymers for use in various automobile

components

• alternative construction materials for buildings.

LCA can also be applied to processes in the context of process technology

selection, process development, or process synthesis. A chemical processing

plant is one module of an extended product life cycle which may involve

more than one chemical processing stage. For example, both alumina refining

and aluminium smelting are separate and significant processes in terms of

environmental impact within the life cycle of the product aluminium. LCA

is thus a valuable tool for quantitative evaluation of the ‘cleanliness’ of a

process, and for ranking processes according to their environmental merits.

LCA can be applied to products and processes in various engineering and

business contexts, for example,

• at research and development phase

• at the design stage

• in operations

• for competitive analysis in business review.

While elements of LCA thinking emerged in the 1960s, LCA became

established as a methodology in the early 1990s. The methodology is still

evolving and there are distinctions in the approaches, terminology, and

definitions adopted so far. Not all aspects of the methodology have universal

agreement. However, industries are increasingly adopting practices which

incorporate LCA principles.

Some of the more accepted approaches to LCA methodology originate

from

• Centre for Environmental Studies (CML), Leiden University in

Holland

• Society of Environmental Toxicology and Chemistry (SETAC)

• United Nations Environment Program (UNEP).
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LCA methodology is documented in international standards:

ISO 14040 (Principles and Framework)

ISO 14041 (Goal, Scope Definition and Inventory Analysis)

ISO 14042 (Life Cycle Impact Assessment)

ISO 14043 (Life Cycle Interpretation)

10.3 Basic Steps in Life Cycle Assessment

LCA has four basic steps:

• Goal definition, where the scope and purpose of the LCA is defined.
The system boundaries are defined and the functional unit is

established. The functional unit is the reference point to which

environmental impacts are attributed.

• Inventory analysis, where all material and energy resources

consumed and all wastes emitted are quantified. Note that inventory
in LCA refers to the quantities of raw materials and energy inputs

and emission outputs, not a quantity of stored chemical as the term

denotes in safety assessment.

• Classification, where inventory data are grouped according to cat-
egories of specific environmental effects or impacts. The inventory

data are then weighted within their respective impact category and

aggregated to provide a numerical score for the impact potential.

The environmental impact scores in each impact category are often

normalised by dividing the impact score by the total impact score
in that category resulting from all activities within a country. This

procedure enables a comparison of the relative contributions by the

product or process under study to a country’s environmental impact

for different impact categories. Alternatively, normalisation can be

done on a regional or global basis.

• Improvement analysis, where aspects for improvement in process-
ing or product use are identified and explored.

In earlier stages of LCA methodology development, an additional step,

evaluation, often followed the classification step. Evaluation involves

weighting the environmental impact scores in the various impact categories,

reflecting a judgement about the relative importance of each impact

category. For example, global warming and associated climate change may

be perceived as a greater environmental threat than acidification. Such



August 27, 2012 15:54 PSP Book - 9in x 6in 10-David-Brennan-c10

Goal Definition 197

judgements are influenced by environmental concerns, but can also be

influenced by natural, socioeconomic, or political factors for a particular

nation or region.

The various steps in LCA are now discussed in greater detail, and

illustrated by a case example.

10.4 Goal Definition

Firstly, it is important to define the purpose and context of the LCA exercise.

When comparing alternative processes or products, an appropriate basis

for comparison of inventories and impacts must be selected, referred to as

the functional unit. In comparing alternative processes for making a chemical
product such as ammonia, a suitable functional unit would be 1 tonne of

ammonia. In comparing processes to reduce SO2 emissions to atmosphere,

a tonne of sulphur dioxide removed from the effluent gas might be an

appropriate basis.

When comparing alternative products, the task is more difficult. For

insulating materials, insulating capability is a more important function than

mass or volume of material. When comparing paint products, a suitable

functional unit would need to incorporate the surface covered and the

durability of the paint surface over time. A possible unit might be the volume

of paint to cover and protect 1 m2 of a particular surface over 10 years.

Another example of a functional unit might be the packaging required for

a given volume of beer. Note the volume of beer selected would determine

whether the packaging was for a ‘six-pack’, a ‘slab’, or multiple slabs stacked

on a pallet.

It is important to define the organisational context of the LCA study. For
example, is the study to be made by a company for internal use to assess its

competitive position, or for external use to shape customer perception? Is

the study to be made on behalf of government for public use, for example, in

assessing the impacts of alternative automobile fuels?

The scope of the LCA study encompasses the definition of the system

under study including its boundaries, the level of detail and accuracy

required, and the various data requirements.

System boundaries should be clearly defined and documented. Bound-

aries include both

• space considerations, for example, inclusive of all raw material

mining and extraction, all transport operations, and
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• time considerations encompassing product life and plant life,

inclusive of decommissioning and waste storage time frameworks.

It is essential to include within the system boundary the impacts of utilities

generation associated with the utilities consumed at the various stages of

the product life cycle. Where utility generation is from a specific source, for

example, steam supplied from a boiler at a chemical plant site, impacts can

be identified and quantified. In other cases, for example, where electricity is

drawn from a grid supply, impacts are usually derived from many sources of

electricity supply and are accounted for on a weighted basis.

It may be important in some cases to estimate variability in input data, as

well as an average value or a base case.

Modification of the study scope may be required as the LCA proceeds.

A common constraint is difficulty in obtaining certain data. Simplifications

may be justified where the accuracy of such data is not critical to the

outcome.

Studies may be conducted for the whole life cycle, or restricted to certain

parts of the life cycle. Thus, studies are often termed

• cradle to grave, encompassing the entire life cycle
• cradle to gate, encompassing raw materials extraction through

a processing chain to a product leaving the factory gate (e.g.,

PVC manufacture inclusive of upstream manufacture of ethylene,

chlorine, and vinyl chloride monomer, but exclusive of downstream

fabrication, use, and disposal of PVC products)

• gate to gate, encompassing a manufacturing process at a particular
site (e.g., manufacture of hydrogen gas from natural gas by the steam

reforming process).

10.4.1 Example of System Boundary Determination

Figure 10.2 is a schematic representation of metal production from smelting

a mineral sulphide ore with sulphur dioxide (SO2) release and treatment.

This is the context for a case study of alternative processes for desulphurising

gases from metallurgical smelters (Golonka & Brennan, 1996). In this study,

desulphurisation options included

• conversion of SO2to sulphuric acid

• reduction of SO2 to sulphur, with option for subsequent sulphuric

acid manufacture

• absorption of SO2 in limestone slurry to form gypsum.
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Mining of metal sulphide ore

Concentration of metal sulphide 
ore to produce concentrate

Smelting of concentrate to 
produce metal

Further treatment 
of metal product

Heat and dust recovery
(hot gas cleaning)

Further cleaning and cooling (wet
gas cleaning) and desulphurisation

Downstream processing of 
desulphurisation product

Starting point 
for LCA study

Off-gases containing 
sulphur dioxideMetal

Figure 10.2 Block diagram for smelting amineral sulphide ore (Golonka&Brennan,

1996).

Options considered for downstreamprocessing of sulphuric acid included

• manufacture of phosphoric acid

• reaction of phosphoric acid with ammonia to make ammonium

phosphate fertiliser

• manufacture of superphosphate fertiliser from sulphuric acid and

phosphate rock.

Figure 10.3 depicts the system boundary for an LCA study of the SO2
treatment options. Activities within shaded area are included; activities

outside shaded area are excluded. Some inclusions for the study were

• generation of energy, mainly electricity, steam and cooling water

used in processes
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Natural resource extraction

Construction of transport/ 
distribution mechanisms

Refining of natural 
resources

Transport of natural 
resources

Distribution of energy

Sulphur dioxide generation

Construction of sulphur 
dioxide removal plant

Sulphur dioxide removal 
process

Transport of desulphurisation 
product to point of use

Transport and use of 
final product

Treatment of wastes and 
transport to point of disposal

Preparation of disposal site Disposal of wastes

Extraction, refining and 
transport of energy materials

By-product refining 
and use

Downstream processing of 
desulphurisation product

Manufacture and transport 
of raw materials

Generation of energy

Figure 10.3 System boundary definition for SO2 treatment options (Golonka and Brennan, 1996).
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• transport to the smelter of limestone, a raw material for one of the

process options

• transport of desulphurisation products to markets

• disposal of wastes to the environment.

Some exclusions were

• mining of basic raw materials

• manufacture of catalysts

• extraction of natural gas from gas fields

• manufacture of materials for process plant and equipment.

A judgement was made that impacts associated with these excluded

activities are relatively small, and that their assessment would add

disproportionately to the time and cost of the study (i.e., much additional

work would have been incurred for little gain in accuracy). It should be

emphasised that there is always the opportunity to revise system boundaries

to include one or more omitted impacts, as a study progresses.

Some effects were screened out from the assessment in the smelter gas

study since they were common to all options, for example, removal of heavy

metals in thewet gas cleaning step. Some key assumptionswere applied to all

processing options, for example, assumptions about the utility systems used.

10.5 Inventory Analysis

Inventory analysis involves the identification and quantification of all

material and energy resources consumed and all wastes emitted, expressed

inmass units. To achieve this, the process technology, design and operation of

the plant must be considered and understood. One important data source is

the process flow-sheet. The quality and detail of the flow-sheet and supporting
work are important in determining the quality of the data. It is important to

recognise that process flow-sheet analysis has limitations in that it excludes

• abnormal operation, start-up and shut-down procedures

• cleaning and maintenance activities

• fugitive emissions

• accidental releases, both minor and major

• losses from transport and related storage.

To overcome these limitations, plant and equipment design and plant

operation must be considered, incorporating, for example,
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• piping and instrumentation diagrams

• equipment specifications

• operating and maintenance procedures.

A separate source of inventory data to that from a process design perspective

is performance data from an operating plant. It is important to recognise,

however, that such data can vary from plant to plant due to variations in

• feedstock compositions

• differences in technology (often associated with age of the plant)

• process and plant design details

• operating and maintenance procedures.

Published inventory data is available for certain processes and products, for

example, within commercial software packages for LCA andwithin published

LCA studies, but the supporting basis for the data in such cases is often not

fully provided. This can make data validation difficult.

10.5.1 Treatment of Utilities and Energy

In some published LCA studies, energy inputs are reported in energy units

(e.g., MJ). Further definition requires quantification of resources consumed

and wastes emitted through the use of fuels, electricity, and hot and cold

utilities in processes. This further definition is needed as a study progresses,

because impacts depend on the utility generation system used. For example,

consumption of steam generated in a boiler from fuel combustion involves

• fuel consumption

• raw water consumption

• chemicals consumption in raw water and boiler water treatment

• waste water emissions from boiler blow-down

• flue gas emissions.

10.5.2 Allocation Procedures

In many systems or sub-systems, more than one useful product is produced.

For example, in chlor-alkali plants, caustic soda and chlorine are the major

products with smaller quantities of hydrogen. In ethylene plants, ethylene

is the major product with lesser quantities of propylene and butadiene.

In crude oil distillation within petroleum refineries, products include

LPG, gasoline, aviation fuels, diesel, and fuel oil. How should inventories
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of resources and wastes and their associated environmental impacts be

allocated between co-products in these cases?

The most common basis has been by relative mass flow of product, but

economic value, volume, energy content, or molar flow have also been used.

Since inventory data is in mass units, a mass basis has advantages from a

fundamental scientific viewpoint. However, in some cases, the sales revenue

from one product may greatly exceed that from a co-product, and one might

argue that the more valuable product is driving the investment and should

receive a greater allocation of the environmental burden. The question of
whether to use mass or economic value as the basis has caused considerable
debate.

10.6 Example of Inventory Data Estimation

Figure 10.4 is the result of flow-sheet analysis for production of sulphur

or sulphuric acid from metallurgical smelter gases, and literature-based

assessment for downstream processing of sulphuric acid to phosphate

fertilisers (Golonka & Brennan, 1996). Sulphur can be converted to sulphuric

acid, possibly at a separate location from the smelter. The reduced input of

SO2 to the direct production of H2SO4 shown on Fig. 10.4 enables all the

data to be brought to a common basis downstream of H2SO4 production. The

diagram quantifies

• raw materials and utilities consumptions

• products and wastes generated.

No allowancewasmade in this case study for fugitive or abnormal emissions.

Fugitive emissions for SO2 were judged likely to be negligible because of their

toxic, pungent and readily detectable nature.

Assumptionswere needed to assign inputs and outputswhich correspond

to consumptions of utilities. Assumptions common to all cases in the study

were

• electricity was obtained from black coal

• fuel energy was obtained from fuel oil combustion

• water losses from evaporative cooling water circuits and steam

circuits were 5% of the utility consumed.

Once inputs and outputs have been assigned to the utilities, inventory tables

can be drawn up for the various processing steps.
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Sulphuric acid manufacture 
including wet gas cleaning 
(single absorption plant)*

0.024 t sulphur dioxide 
0.03 kg spent catalyst 
trace sulphuric acid 
trace sulphur trioxide 
waste water depends on
inlet gas moisture content

0.07 t steam

Phosphoric acid 
manufacture

1.7 t phosphate rock 
68 m3 cooling water 
78 kWh electricity 
1.1 t steam

1.4 t sulphuric acid #

2.1 t phosphogypsum 
trace hydrofluoric gas 
trace phosphoric acid 
trace sulphuric acid 
trace waste water

Diammonium phosphate 
manufacture

0.25 t ammonia 
34 kWh electricity 
590 MJ fuel

trace ammonia 
trace phosphoric acid

0.07 t hydrofluosilicic acid

0.72 t phosphoric acid #

1.1 t diammonium phosphate

Single superphosphate 
manufacture

2.5 t phosphate rock 
130 kWh electricity 
0.23 t steam 
1000 MJ fuel 
0.34 m3 water

0.10 t hydrofluosilicic acid
4.0 t single superphosphate

* based on a feed stream of 29 vol% sulphur dioxide 
& 45000 Nm3/h & diluted to 12 vol% for sulphuric 
acid manufacture; # expressed as 100 % acid.

0.03 kg catalyst 
variable process water 
45 m3 cooling water 
20 kWh electricity

trace sulphuric acid 
trace hydrofluoric gas 
trace waste water

Elemental sulphur
manufacture including 

wet gas cleaning *

0.06 t sulphur dioxide 
0.26 t carbon dioxide 
0.08 kg spent catalyst 
trace hydrogen sulphide 
waste water depends on 
inlet gas moisture content 

1.8 t steam

1.0 t sulphur dioxide

0.16 t natural gas 
0.08 kg catalyst 
13 m3 cooling water 
3.0 kWh electricity

0.47 t sulphur

Sulphur burning 
 sulphuric acid plant 

(single absorption plant)

0.94 t sulphur dioxide

1.7 t steam

or

0.03 kg catalyst 
variable process water 
45 m3 cooling water 
20 kWh electricity

0.024 t sulphur dioxide 
0.03 kg spent catalyst 
trace sulphuric acid 
trace sulphur trioxide

Desulphurisation by production
of elemental sulphur

Desulphurisation by production
of  sulphuric acid

Figure 10.4 Inputs and outputs for SO2 processing (Golonka & Brennan, 1996).
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Table 10.1 Inventory data for conversion of SO2 in smelter gas to

sulphur (all values are in tonnes per tonne of sulphur dioxide treated)

(Golonka and Brennan, 1996)

Inventory Wastes (outputs) Inventory

Major product

Sulphur 0.47

Rawmaterials (inputs)

Catalyst 0.00008 Ash 0.0003

Coal 0.0021 Carbon dioxide −0.14
Fuel oil −0.13 Nitrogen oxides (NOx ) 0.00001

Natural gas 0.16 Spent catalyst 0.00008

Water 0.77 Sulphur dioxide 0.055

Table 10.1 summarises inventory data for the process where the SO2
in smelter gas is converted to sulphur. In this process, SO2 is reduced

catalytically to sulphur with natural gas in two stages; the reactions are

exothermic, making it possible for process heat recovery for steam genera-

tion. All inventory values are in tonnes per tonne of sulphur dioxide treated.

Negative values for fuel oil consumption and carbon dioxide emissions result

from credits claimed for by-product steam generated. It was assumed there

was a demand for this by-product steam; if the steam required were not

generated from process heat recovery, combustion of fuel would have been

necessary. Fuel oil was chosen as a reference fuel in this study because of

the remote sites typical for Australian mineral processing. Figure 10.5 is the

result of mass and energy balances for generating 1 MJ of heat and 1 tonne of

steam from fuel oil combustion. Assumptions for fuel oil included

• heat of combustion: 40.4 GJ/t fuel oil

• composition by mass of fuel oil: 85% carbon

2% sulphur

13% hydrogen.

10.7 Classification

Having established the inventory data, the next stage in LCA methodology is

classification. The first step in classification involves allocating all inventory

data for specific molecular species to particular impact categories. The terms

used for these categories may differ slightly according to the particular

form of LCA methodology used (see Table 10.2). Table 10.3 provides a
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Flue gases

Combustion air(1)

Fuel oil feed

Fuel oil energy2.5 × 10–5 t carbon

4.1 × 10–4 t oxygen
1.3 × 10–3 t nitrogen

40.4 GJ/t oil
2.09 kg N/t oil

0.050 t water losses
Steam consumption

3.8 × 10–6 t hydrogen

9.0 × 10–5 t carbon dioxide
1.2 × 10–6 t sulphur dioxide

1.4 × 10–7 t nitrogen oxides
3.4 × 10–5 t water vapour
1.3 × 10–3 t nitrogen
3.0 × 10–5 t oxygen

5.8 × 10–7 t sulphur

2.9 × 10–5 t total oil

1.0 MJ heat

0.073 t fuel oil(1)

0.050 t make-up water

(1) based on 10% excess combustion air.

per tonne high pressure steam
boiler efficiency = 75%

Figure 10.5 Life cycle inventory for fuel oil combustion and for steam generation

(Golonka, 1996).

basic description in an earlier UNEP manual of some more common impact

categories. Victims (an additional category listed under CML in Table 10.2)

relates to fatal consequences of an environmental disaster.

10.7.1 Further Discussion of Impact Categories

An expanded outline of the mechanisms and effects for more commonly

encountered impact categories is now provided. More detailed accounts of

these impacts, their causes and underlying mechanisms can be found in

environmental science texts, for example, Masters (1998) and Masters and

Ella (2008). Explanatory notes are also given in CML (1992, 2002).

Global warming has received much attention in the last 20 years and

particularly in the last decade. Climate scientists are in agreement that

there is a rise in the earth’s temperature coincident with rising levels of

carbon dioxide (and other greenhouse gases) in the atmosphere, attributable

to anthropogenic causes. Carbon dioxide and the other greenhouse gases

(predominantly methane, nitrous oxide and chloroflurocarbons (CFCs)) in

the earth’s atmosphere contribute to the ‘greenhouse effect’ by reducing the

amount of heat radiated from the earth’s surface. Likely effects of global

warming on the earth include:
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Table 10.2 Impact categories in life cycle assessment

Heijungs (1992) (CML) UNEP (1996) SETAC (1993)

Enhancement of greenhouse Global warming potential Global warming potential

effect

Acidification Acidification potential Acidification

Human toxicity Human toxicity Human toxicity

Photochemical oxidant Photochemical oxidant Photochemical oxidant

formation potential formation

Depletion of biotic resources Depletion of biotic resources

Depletion of abiotic resources Abiotic depletion Depletion of abiotic resources

Energy depletion

Noise

Odour

Depletion of the ozone layer Ozone depletion potential Ozone depletion potential

Nutrification Nutrification potential Eutrophication

Ecotoxicity Ecotoxicity — aquatic Ecotoxicity

Ecotoxicity — terrestrial

Waste heat

Damage to ecosystems and Damage to ecosystems and

landscapes landscapes

Victims

• rising sea levels derived from the expansion of water in the oceans

and from the melting of glaciers;

• increased intensity of the hydrological cycle with greater frequency

and intensity of floods and droughts;

• deleterious effects on human health and the health of some

ecosystems.

While a global phenomenon, these impacts of global warming are likely to

be of different severity in different parts of the world. For example, low-lying

islandswill be vulnerable to rising sea levels, and communities near the delta

regions of large rivers will be vulnerable to flooding.

Photochemical oxidant potential
Photochemical oxidant potential is related to photochemical smog, also

referred to as urban smog, and historically as ‘Los Angeles smog’. Photo-

chemical smog is observed as brown air and is common in large cities

with high traffic congestion and poor air ventilation. Photochemical smog

is caused by the oxidation of volatile organic compounds and NOx in the

presence of sunlight to form a range of pollutants with harmful effects

on humans (particularly respiratory problems), vegetation, and a range of
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Table 10.3 Brief explanation of impact category terms for some commonly

encountered environmental impacts (UNEP, 1996)

Abiotic, biotic, and energy depletion are terms used under the umbrella of resource
depletion. In early LCA work resource depletion was quantified by consumption

divided by reserves.

Abiotic depletion— the extraction of non-renewable raw materials

Biotic depletion— the depletion of renewable resources. The rainforest and

elephants are examples of biotic resources

Energy depletion— the extraction of non-renewable energy sources

Global warming
Increasing amounts of CO2 and other greenhouse gases in the earth’s atmosphere are

leading to increased absorption of the radiation emitted by the earth and hence to

global warming. CO2, N2O, CH4, and CFCs contribute to global warming.

Photochemical oxidant creation
Under the influence of UV light, nitrogen oxides react with volatile organic compounds

producing the photochemical oxidants that cause smog.

Acidification
Acid deposition, resulting from the release of nitrogen and sulphur oxides into the

atmosphere, on soil and water can lead to changes in soil and water acidity, with

effects on flora and fauna.

Human toxicity
Exposure to toxic substances — through air, water, or the soil, especially via the food

chain— causes human health problems.

Ecotoxicity (aquatic and terrestrial) .Flora and fauna can be damaged by toxic
substances, for example, cyanide. Ecotoxicity (in the UNEP system) is defined for both

water (aquatic) and soil (terrestrial).

Nutrification (or eutrophication)
Addition of nutrients to soil or water increases the production of biomass. In water,

this leads to reduced oxygen concentration which affects higher organisms such as

fish. In soil and water, nutrification can lead to undesirable shifts in the number of

species in ecosystems, thus threatening biodiversity.

Ozone depletion
Depletion of the ozone layer leads to an increase in the amount of UV-B radiation

reaching the earth’s surface. This radiation may result in some human diseases,

damage to materials such as plastics, and interference with ecosystems.

materials. Pollutants formed include ozone, aldehydes, and peroxynitrates.

The chemistry associated with the formation of photochemical smog is

complex.
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Acidification
Release of acid gases into the atmosphere, primarily SO2 and NOx , lead to

the formation of clouds of acidic water vapour which can drift beyond the

sources of acid gas release. Precipitation of acid rain can then occur in nearby

regions and countries leading to damage ofwaterways, forests, and buildings.

Acid rain has been observed as a result of burning high sulphur coals, for

example, in England with subsequent damage of forests in Switzerland and

Germany, and in the United States with subsequent damage of forests in

Canada. The pH of acid rain may be in the range 3–5 in contrast with that

of unpolluted rain of 5–6 (mildly acidic because of CO2 absorption).

Nutrification
Nutrification (also referred to as eutrophication) is the process of nutrient

enrichment in rivers, lakes, and waterways producing excessive vegetation,

particularly algae. While a certain concentration of nutrients is desirable for

supporting fish life, excessive amounts cause excessive amounts of algae,

with a deterioration in water quality and destruction of fish life. Contribu-

tions to nutrification include industrial and domestic effluents as well as

fertiliser carried by rain water run-off or groundwater seepage. The main

chemical species contributing to nutrification are nitrogen and phosphorus.

Ozone depletion
While ozone concentration in the troposphere (near ground level) is harmful

and a major contributor to photochemical smog, ozone in the stratosphere

(some 15 to 50 km above the earth’s surface) has the beneficial effect of

protecting the earth’s surface from ultraviolet radiation. Increased exposure

to ultraviolet radiation can potentially increase the risk of skin cancer in

humans as well as causing damage to materials. CFCs and halons are inert

and insoluble inwater; thus, they have long atmospheric lifetimes, eventually

drifting into the stratosphere where they cause destruction of ozone.

Toxicity
Toxicity is assessed in terms of potential impacts to humans (human toxicity)

and to aquatic, terrestrial, and sediment ecosystems (ecotoxicity).

Human toxicity assessment is based on human exposure to toxins derived

from air, surface water, and soil. Different pathways are considered. For

example, surface water contamination can affect human health through

consumption of fish and drinking water. Soil contamination can affect human

health through contamination of crops and cattle meat.

Models for the assessment of both human toxicity and ecotoxicity are

complex and under continuous development and refinement. Human toxicity
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in the workplace has been extensively studied in the context of occupational

health and safety.

Resource depletion
Depletion of resources such as minerals, fossil fuels, water, and biotic species

such as fish, animals, birds, and plant life is difficult to quantify. Materials

and energy consumption in industrial processes is a major contribution

to resource depletion. Resource depletion is discussed in greater detail in

Section 10.9.

10.7.2 Assignment and Weighting of Chemical Compounds

Some of the chemical compounds contributing to the inventory data are

assigned to more than one impact category. For example, SO2 is assigned

to both acidification potential and human toxicity. NOx
′s are assigned to

acidification, nutrification, and human toxicity. Within each impact category,

weightings are assigned to the contributions of various compounds to

impacts. For example, 1 tonne of NOx is reckoned to have 70% of the effect

on acidification that 1 tonne of SO2 has. Methane is reckoned to have 21

times the effect on global warming that carbon dioxide has. These relative

weightings are also referred to as equivalency factors. Equivalency factors for

selected compounds and selected impact categories are shown in Table 10.4.

Embolded numbers indicate revisions made in the 2002 CML Handbook to

data compiled in the 1992 CML Handbook. The extent of revisions reflects

both uncertainty inherent in the weightings, and the ongoing research in

environmental impact assessment.

Note that the number 1 is assigned to particular compounds in each

impact category. Impact scores are then expressed in tonnes equivalent of

these particular compounds. Thus, global warming potential is expressed in

tonnes equivalent of CO2, acidification potential in tonnes equivalent of SO2,

and so on. In some impact categories, for example, global warming potential,

distinction is also made between impacts over different time horizons.

On the basis of inventory data and the equivalency factors, it is possible

to develop an eco-profile enabling comparison of the impact potentials in

the various environmental categories. Such eco-profiles can be drawn up for

alternative processes, alternative stages of the product life cycle, or for the

entire product life cycle.

It is important to distinguish the impact potentials thus calculated from

the ultimate environmental impact at a particular site, which usually depends

on site location and characteristics. For example, SO2 emissions will have
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Table 10.4 Equivalency factors for selected compounds, impacts (CML, 2002)

GWP 100 yr POP AP NP ODP HTair-100 yr
Compound emissions (kg/kg) (kg/kg) (kg/kg) (kg/kg) (kg/kg) (kg/kg)

Ammonia 1.88 0.35 1.0E-01
Ammonium ion 0.33

Benzene 0.218 1.9E+03
Butane 0.352
Cadmium 1.5E+05
Carbon dioxide 1

1,4 dichlorobenzene 1

Chromium VI 3.4E+06
CFC-11 refrigerant 4000 1

CFC-12 refrigerant 8500 0.82
Ethane 0.123

Ethylene 1 6.4E-01
Halon-1202 1.25

HCFC-22 refrigerant 1700 0.034
Hexane 0.482
Hydrogen chloride 0.88
Hydrogen fluoride 1.6
Hydrogen sulphide 1.88 2.2E-01
Lead 4.7E+02
Methane 21
Mercury 6.0E+03
Nitrate ion 0.1
Nitric acid 0.51 0.1
Nitrogen 0.42

(Contd.)
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Table 10.4 (Contd.)

GWP 100 yr POP AP NP ODP HTair-100 yr
Compound emissions (kg/kg) (kg/kg) (kg/kg) (kg/kg) (kg/kg) (kg/kg)

Nitrogen oxides NOx 0.70 0.13

Nitrous oxide N2O 310
Nitric oxide NO −0.427 1.07 0.2

Nitrogen dioxide NO2 0.028 0.7 0.13 1.2E+00
Pentane 0.395
Phosphate 1

Phosphoric acid 0.98 0.97

Propane 0.176

Styrene 4.7E-02
Sulphur dioxide 1 9.6E-02
Sulphur hexafluoride 23,900
Sulphur trioxide 0.8
Sulphuric acid 0.65
Trichloromethane 4 0.023 1.3E+01

Note: GWP denotes global warming, POP photochemical oxidant, AP acidification, NP nutrification and ODP ozone depletion potentials, while
HT denotes human toxicity.
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different impacts in forest, desert, or built-up city environments. Global

warming, although a global impact, will have different effects on climate

patterns and sea level impacts in different regions of the world. Much more

data and analysis outside the traditional scope of LCA is needed to determine

these impacts.

Not all impact categories will be significant in all studies. There may

be energy intensive cases, for example, where impacts are dominated by

global warming and resource depletion, and other effects might arguably

be neglected and screened out early in the study. For the smelter gas

desulphurisation study, four impact categories were judged to be dominant:

• acidification potential

• enhancement of greenhouse effect

• solid waste generation

• depletion of resources.

Table 10.5 summarises the classification step for sulphur production from

smelter gas, using inventory data established earlier and listed in Table 10.1.

The simplest approach to calculating resource depletion (and that

adopted by CML, 1992) is as the ratio of consumption to reserves. In

the smelter gas treatment case, the consumptions of four resources are

accounted for, including natural gas, coal, fuel oil, and water. Resource

depletion for elemental sulphur production has been calculated as

natural gas consumption from inventory table (t/tSO2)

world reserves of nature gas (t)

+coal consumption from in inventory table (t/tSO2)

world reserves of coal (t)

+oil consumption from inventory table (t/tSO2)

world reserves of water (t)

= 0.16

7.8× 1010
+ 0.0021

2.1× 1012
+ −0.13
1.0× 1011

+ 0.77

4× 1013

= 1.02× 10−12/tSO2 treated

The measure is only approximate. Estimating reserves is necessarily

uncertain as it reflects what is discovered, what is economically recoverable,

and the available technology for mining, extraction, and processing at the

time of estimation.
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Resource used Catalyst Natural gas Coal Fuel oil Water Total

Inventory, t/t SO2 treated 8.00E-05 0.16 0.0021 −0.13 0.77

World reserves (tonnes) Unknown 7.80E+10 2.10E+12 1.20E+11 4.00E+13

Resource depletion, Negligible 2.05E-12 1.00E-15 −1.08E-12 1.93E-14 1.0E-12

t/t SO2 treated

Waste generated Ash NOx CO2 SO2 Spent Catalyst Total
Inventory, t/tSO2 treated 0.0003 1.00E-05 −0.14 0.055 8.00E-05

Equivalency factor

Global Warming 1

Acidification 0.7 1

Solid Waste 1 1

Impact, teq/t SO2
Global warming −0.14 −0.14
Acidification 0.000007 0.055 0.055007

Solid waste generation 0.0003 0.00008 0.00038
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10.7.3 Normalisation

A further step following classification is the normalising of impacts in the

various categories, according to regional or global contribution. For example,

the acidification score for the process under consideration would be divided

by the acidification score for that region, the global warming potential for

the process by that for the region, and so on. This enables a comparison

of the relative contributions of the process under study to the region’s

environmental profile.

It is possible to aggregate the various normalised impacts in different

categories to provide an overall environmental index for the process under

study. While useful, neither normalisation nor the aggregated index is

an essential procedure in LCA methodology. The relative magnitudes of

impact potential scores in separate categories for different regions reflect

variations in natural, economic, and industrial systems. Thus, a normalised

environmental index or eco-profile determined for a process can differ from

one region or country to another.

Table 10.6 shows the normalised impacts for sulphur production in

the SO2 case calculated using Australian consumption and emission data

available at the time of the study. Normalised impacts are expressed in

units of yr/t SO2 (i.e., reciprocal of t SO2/yr). The normalised impact scores

for this study identified acidification and resource depletion as the two

major impact categories for converting SO2 to sulphur. Normalised impacts

may be further multiplied by the annual SO2 emission from a particular

smelter source to reflect the scale of the impact potential. In this latter

case, the normalised impacts are dimensionless. Table 10.7 shows impact

category scores, normalised and aggregated for all desulphurisation options,

normalized and scaled for annual emissions from a smelter of 244 ktonnes

SO2/yr.

10.8 Improvement Analysis

By comparing indices or inventory data for processes or products, it is

possible to identify those phases of product manufacture or use which make

major contributions to environmental impact. It is also possible to identify

what impact category contributes most to environmental damage, what

molecular species it derives from, and where in the product life cycle the

inventory is created. Product design, process design, or operations strategy

can then be reviewed and modified to reduce impacts.
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Table 10.6 Normalised impacts for sulphur production using Australian consumption and

emission data (Golonka and Brennan, 1996)

Impact score for Australian
process per t SO2 resource Australian Normalised impact,

Impact category treated depletion emission /yr yr/t SO2treated

Resource depletion 9.88E-13 5.24E-04 1.88E-09

Global warming −1.40E-01 t CO2eq 5.76E+08 t eq CO2 −2.43E-10
Acidification 5.50E-02 t SO2eq 2.23E+06 t eq SO2 2.47E-08

Solid waste 3.84E-04 t 6.60E+08t 5.76E-13

generation

Total 2.63E-08

Table 10.7 Impact category scores for all alternative desulphurisation processes, normalised and

scaled (Golonka and Brennan, 1996)

Australian
LCA category impact (2) Normalised impact score for process option (1)

Elemental Saleable No SO2
Sulphuric acid sulphur gypsum removal

Acidification potential 2.2× 106(t/yr) 2.7× 10−3‘ 6.0× 10−3 3.5× 10−3 1.1× 10−1

Global warming 5.8× 108(t/yr) 6.2× 10−6 −6.1× 10−5 3.9× 10−4 0

Solid waste generation 6.6× 108(t/yr) 7.7× 10−7 1.4× 10−7 6.8× 10−5 0

Depletion of resources 5.4× 10−4(/yr) 1.5× 10−5 4.5× 10−4 6.1× 10−5 0

Total index 2.8× 10−3 6.4× 10−3 4.0× 10−3 1.1× 10−1

(1) Calculated as a ratio of
value of category for processing option

value of category for Australia
× 244 kt/yr SO2.

(2) Calculated from total Australian emissions and consumptions.
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For the smelter case study, comparison of the total indices leads us to the

following conclusions:

1. All treatment options are preferred to the no treatment option.

2. For the desulphurisation options, sulphuric acid is preferred ahead of

gypsum ahead of elemental sulphur.

However, there are still questions to be answered.

• Sulphuric acid is an intermediate andmust be further processed.What

are the environmental impacts then incurred?

• What are the environmental impacts incurred in the use of the

resulting downstream products?

• What are the market and cost factors associate with transportation,

further processing and product use?

Some of these issues are discussed in Golonka and Brennan (1996, 1997) for

the SO2 treatment study, and in a more general sense in later chapters of this

book.

10.9 Some Challenges and Uncertainties in LCA

We now review some challenges and uncertainties faced when applying LCA

methodology to different case studies.

10.9.1 Goal Definition

Boundary definition is a key aspect in all LCA studies. The decision

may be influenced by perceived relative importance of effects, as well as

by availability of data. Boundary definition can be an iterative decision

during a study, with refinements made as increased information or better

understanding are obtained. Unfortunately, for many published LCAs there is

lack of clear definition of the system boundary used.

10.9.2 Inventory Data

There are a number of obstacles to obtaining inventory data for a process or

product. These include for example

• the proprietary nature coupled with limited understanding of many

process technologies
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Table 10.8 Fuel impacts in road and rail transport (Bureau of Transport

and Communication Economics, 1995)

Impact Road Rail

Diesel consumption 1.2 MJ/t.km 0.13 MJ/t.km

Carbon dioxide emissions 70 g/MJ fuel 70 g/MJ fuel

Carbon monoxide emissions 7.9 g/km 0.58 g/MJ fuel

Hydrocarbon emissions 2.8 g/km 0.13 g/MJ fuel

Nitrogen oxide emissions 15 g/km 1.7 g/MJfuel

Particulate emissions 0.8 g/km 1.5 g/km

Sulphur dioxide emissions 1.4 g/km 0.083 g/MJ fuel

• relatively recent development of LCA methodology coupled with

limited availability of suitable personnel to develop the data.

Where published data exists, there is often a lack of transparency regarding

its source, basis, and accuracy.

Inventory data does not account for concentration effects, either in an

effluent or in the receiving medium. Such concentrations can influence the

environmental damage arising from emissions.

A developed process flow-sheet accounts only for design conditions and

steady-state case. More detailed studies supported by operating experience

is necessary to account for

• fugitive emissions

• accidental spills or releases

• emissions under start-up, shut-down, abnormal operating, and main-

tenance conditions.

Inventory data makes no distinction between mobile (e.g., transport)

emissions and stationary emissions. Transport of raw materials or products

in most cases involves fuel combustion. While the emissions associated

with transportation will be distributed over a large area, emissions from

stationary sources are concentrated in one location. Some reported data for

fuel related impacts in materials transport is listed in Table 10.8.

Road data listed here is for ‘non-urban articulated trucks’ and rail data is

for private freight, both using automotive diesel oil. In order to use the truck

data presented in the SO2 treatment study, a load of 42.5 tonneswas assumed

per truck trip, consistent with assumptions made in the quoted report.

Data for shipping (Bureau of Transport and Communication Economics,
1992) suggests that for a consumption of 3.0 tonnes of marine diesel fuel per

1000 DWT, the following emissions are approximated:
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Carbon dioxide emissions 27 g/tonne km

Carbon monoxide emissions 8 kg/tonne fuel

Hydrocarbon emissions 2.7 kg/ tonne fuel

Nitrogen oxide emissions 59 kg/tonne fuel

Sulphur dioxide emissions 21× S kg/tonne fuel where S is % wt

of sulphur in fuel.

10.9.3 By-Products — Marketable or Waste?

An important issue is the identification of output streams as product or

waste. This decision is heavily geared to market criteria, and emphasises the

role of market analysis as a subset of environmental assessment. In the case

of hydrocarbon processing, co-products can alternatively be sold or burned,

with or without energy recovery, depending on available markets. Ethylene

manufacture from naphtha is a specific example, where co-products include

propylene, butadiene, and pyrolysis gasoline. Burning involves the liberation

of combustion products. However, if the related energy can be recovered,

there are benefits through the avoided impacts of resource depletion and

wastes derived from alternative fuel use.

Solid wastes often offer greater potential for future marketability than

gaseous or liquid wastes because of their greater ease of storage and

transport.

10.9.4 Impact Analysis

In the application of LCA methodology, a distinction is made between impact

potentials often referred to as ‘midpoint categories’, and the subsequent

damage to human health or the environment often referred to as ‘endpoint

categories’. Endpoint damage reflects the influence of location in determining
specific impacts. Examples of interest in the SO2 treatment case include

• access to a disposal site for disposal of non-hazardous waste, for

example, disposal of gypsum at the remote mine site or in the city

• effect of site on environmental effects of an emission, for example,

effect of SO2 on desert, forest, or built-up city environments.

Midpoint categories are useful in process comparisons made in isolation

from site location considerations. However, they are of less value once site

location options for a project are being compared.
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10.9.5 Resource Depletion

Materials and energy consumptions are of key importance both in terms of
resource depletion, and the environmental impacts associated with resource

extraction, refining, and transport prior to use. Some specific burdens

associated with resource use can be identified:

• the burden associated with exploration for a resource and proving its

viability

• the burden associated with extraction, refining and transport of a

resource

• the burden of site rehabilitation after certain mining and extraction

activities

• the consequences of loss of the consumed resource

• the burden associated with replacement of the consumed resource

with alternatives.

An early impact measure adopted for abiotic resource depletion was con-

sumption divided by reserves (Heijungs, 1992). The concept of reserves is

blurred, however. There is also a distinction between ultimate and economic
reserves.Ultimate reserves comprise the total quantity of reserves, not only in
ores, but also present in the earth’s crust. For example, aluminium is present

in 8%of the earth’s crust, largely as aluminium silicates. However, aluminium

is mainly extracted from bauxite ore, present as a much smaller percentage

of the earth’s crust, but as amuch richer source of alumina. Economic reserves
comprise that component of a resource which can be economically recovered

with the technology and cost/price structure of the day.

It is difficult to account for a decline in quality of reserves over time and

for cost and environmental impacts of recovering resources in the future. For

example, there has been a sustained increase over time in the density and

sulphur content of crude oil, with implications for costs and environmental

impacts in refining. As the mineral content of metal bearing deposits

decreases, increased energy is required for mining, crushing, milling, and

beneficiation per tonne of metal, with implications for greenhouse gas

emissions.

It is also difficult to predict the success of future exploration activities,

and the possibility that future deposits of fossil fuels or minerals might

be discovered in environmentally sensitive areas, with attendant risks and

costs.

In assessing resource depletion, there is a question of the ease of

substitution for different resources, for example, coal, uranium, oil, and gas in
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the energy resource sector, and for different end product applications, such

as construction materials and packaging materials.

One definition of resources makes distinctions between three categories

(de Haes et al., 1999):

• deposits which cannot be replaced (e.g., fossil fuels and mineral ores)

• funds, which are replaced naturally but over time (e.g., groundwater,

sand and clay)

• flows, which are continuously and completely replaced (e.g., solar

energy, wind and surface water).

Some flexibility has been introduced (Guinee, 2002) for impact assess-

ment of abiotic resource depletion. Ultimate reserves, economic reserves,

or exergy content of resource are some of the alternative measures

suggested.

Supplementary indicators for resource depletion might be useful in

specific case studies (Brennan, 2005). These include location, accessibility,

quality, potential for substitution, alternative uses, market value, and

opportunity cost. Table 10.9 shows suggested indicators for Australian fossil

fuels used in power generation.

10.9.6 Normalisation

Regional and global impact data used for normalisation is necessarily

limited in its reliability. Some earlier examples of global data were merely

extrapolations of more reliable data for specific countries (e.g., Holland)

or regions (e.g., Europe), based on relative populations. Some examples

of data sources for normalisation used in various studies are listed in

Table 10.10.

In the sulphur dioxide study by Golonka and Brennan (2006), normal-

isation was performed using data for Australia, the United States, Canada,

and Sweden. Relative magnitudes of normalised impacts were found to be

insensitive to these regions. However, in a petroleum desulphurisation study

by Burgess and Brennan (2001), discussed in Chapter 11, the normalised

environmental profile was sensitive to the region considered. For Holland,

Switzerland, or Sweden, the normalised impact score for photochemical

oxidant potential was dominant in the eco-profile. However, for Australia,

normalised impact scores for global warming and energy depletion exceeded

that for photochemical oxidant potential.
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Table 10.9 Resource indicators for Australian fossil fuels in power generation

Resource Brown coal Black coal Natural gas

Location Latrobe Valley, Vic Qld, NSW, WA Bass Strait, NW Aust,

Cooper Basin

Accessibility Useful only at

source

Transportable

to power station

by rail or ship

Transportable to

power station by gas

pipeline or LNG

shipping1

Quality issues H2O, S, N, Ash,

other, low H to C

ratio

S, N, Ash, other

Low H to C ratio

CO2, H2S, H2O, Hg High

H to C ratio

Environmental

issues2
High CO2 emissions

per MWh

High emissions

of CO2 per MWh

Relatively low CO2
emissions per MWh

Potential for

Substitution

Gas, black coal,

crude oil. Limited

potential for

renewables

Gas, brown coal,

crude oil.

Limited

potential for

renewables

Coal, crude oil Limited

potential for

renewables

Alternative uses Limited with

present technology

Limited with

present

technology

Fuel for heating,

drying. Feedstock for

chemicals (e.g., H2,

CH3OH, HCN)

Market value Very low $50–100/tonne $2–5/GJ

Opportunity

cost3
Close to zero Medium High

1Long distances from NW Shelf to east coast markets make transport costly.
2Life cycle assessments for range of technologies detailed in Table 11.1 in Chapter 11.
3High moisture content of brown coal makes transport economically non-viable.

10.9.7 Valuation

The valuation phase requires weighting impact category scores in terms of

their relative environmental importance. However, the relative importance of

damage categories is difficult to assess on an objective scientific basis. Public,

political, and scientific opinion may be canvassed as a basis for allocating

weightings. However, the primary focus of attention can shift as evidence of

different types of environmental damage are progressively discovered and

addressed. Thus,

• acidification effects were recognised in forests in the late 1970s

in Norway, Germany, and the United States leading to increased

regulation and funding for mitigation
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Table 10.10 Selected normalisation data for various countries and regions

Region
reference World The The Western Australia Australia Australia Australia

Netherlands Netherlands Europe
Impact category Unit 1 1 2 2 3 4 5 6

Natural gas consumed kg/yr 9.20E+11 2.36E+13

Water consumption kg/yr 3.52E+14 1.46E+13

Lignite consumption kg/yr 4.31E+13 5.30E+13

Black coal consumption kg/yr 1.91E+11 2.52E+14

Energy depletion GJ/yr 2.35E+11 2.35E+09 4.20E+09

Global warming kg/yr 3.77E+13 3.77E+11 2.10E+11 4.20E+12 4.31E+11 5.76E+11 4.03E+11 4.78E+11

Photochemical oxidant kg/yr 3.74E+09 3.74E+07 1.90E+09 6.30E+09 1.56E+09 8.95E+08 9.88E+08

Acidification kg/yr 2.86E+11 2.86E+09 9.20E+08 3.40E+10 3.36E+09 2.23E+09 2.94E+09 3.47E+09

Human toxicity kg/yr 5.76E+11 5.76E+09 8.80E+08 3.90E+10

Aquatic ecotoxicity m3/yr 9.08E+14 9.08E+12 8.90E+12 4.40E+14

Terrestrial ecotoxicity kg/yr 1.16E+15 1.16E+13 1.20E+13 2.30E+14

Nutrification kg/yr 7.48E+10 7.48E+08 1.10E+09 8.60E+09 3.44E+08

Ozone depletion kg/yr 1.00E+09 1.00E+07 4.40E+06 5.60E+07

Solid waste disposal kg/yr 8.80E+09 6.06E+10 6.60E+11 2.12E+13

References
1. UNEP (1996) 4. Golonka and Brennan (1996)

2. Blonk (2005) 5. Burgess (1999)

3. Williams (2002) 6. May (2003)
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• ozone layer depletion resulted in the signing of the Montreal Protocol

(1988)

• global warming, while generally regarded as less important in the

1970s and 1980s, became intensely debated in the late 1990s, for

example, at the Tokyo summit, and continues to be debated.

10.10 Some Alternative or Supplementary Approaches to LCA

10.10.1 EPS System— An Example of Evaluation Used with
Inventory Data

The Environmental Priority Strategies (EPS) system was developed jointly

by the Swedish Environmental Institute and Volvo. The EPS system assigns a

multiplier to each element of inventory data to determine an environmental

load. For example, if production of 1 kg ethylene results in emission of 0.53

kg CO2 and 0.006 kg NOx , the environmental load units (ELUs) for these two

inventory entries are

0.53× 0.09 = 0.048 ELU for CO2 and

0.006× 0.22 = 0.0013 ELU for NOx

where 0.09 and 0.22 are the multiplier indices recommended by the EPS

system for CO2 andNOx , respectively. The EPS referred to thesemultipliers as

‘environmental indexes’. By summing the ELUs over all inventory elements, a

total ELU for a product can be estimated.

A selection ofmultipliers for EPS 1996 are published in Allen andRosselot

(1997). Volvo has used the EPS system to evaluate product designs and

alternative materials.

EPS 2000 is an update of EPS 1996. Five areas of environmental

protection are considered:

• human health

• ecosystem production capacity

• abiotic stock resources

• biodiversity

• cultural and recreational values.

Weighting factors, based on the contingent valuation method of willingness

to pay to preserve environmental quality, are used.
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Note that the EPS approach represents a single step between the

Inventory and Evaluation stages of an LCA study. The EPS system inevitably

reflects a location bias and some subjective assessment.

10.10.2 Eco-Indicator

Another approach is the Eco-Indicator. Eco-Indicator 99 links inventory data

through damage potentials to endpoint impact categories of

• damage to human health

• damage to ecosystem quality

• damage to fossil and fuel resources.

The Eco-Indicator and EPS approaches have been discussed and reviewed

by Azapagic (2006). Further information is also available for each approach

from http://www.pre.nl/simapro/impact assessment methods.htm.

10.11 LCA Software

A number of commercial software packages are available for LCA studies.

Some of these have inbuilt databases. The transparency of systemboundaries

and key assumptions for data are important considerationswhen using these

packages.

Some better known packages include GaBi developed by PE International

www.pe-international.com and Sima Pro developed by Pre consultants

http://www.pre.nl/.

10.12 Concluding Remarks

While there are limitations and uncertainties in LCA methodology, its

structured approach, scientific basis, and quantitative nature make LCA a

valuable tool for the environmental assessment of products and processes.

Valuable features include the life cycle approach, and the wide spectrum of

impacts derived from consumption and emissions. Inventory analysis derives

directly from process system definition and from mass and energy balances,

where chemical engineering can make a unique contribution.

LCA methodology has undergone considerable development in the last

20 years and there has been a growing acceptance of its use by industry,

government and the professions. Case study work has an important role
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in understanding the basis and application of LCA. There is opportunity

to link other approaches with LCA for particular studies, for example,

economic and sustainability assessments, and site-specific environmental

impact assessments.

As the collective experience in applications grows, as more data becomes

available, and scientific understanding of environmental impacts grows, LCA

will become an increasingly valuable tool for environmental assessment.
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Chapter 11

Life Cycle Assessment Case Studies

11.1 Introduction

In Chapter 10, we explored the methodology of life cycle assessment (LCA)

in conjunction with a case example on the treatment of sulphur dioxide

emissions from metallurgical smelters. In this chapter, we explore some

additional case studies drawn from previous work dealing with life cycle

inventory data for utilities and an LCA study of diesel desulphurisation.

11.2 Life Cycle Inventories for Common Utilities

As part of LCA studies, inventory data are needed for utilities in terms of

resources consumed and wastes emitted. For many products and processes

impacts derived from utilities dominate the environmental impact. The

following examples, drawn from work by Golonka (1996) and Burgess

(1999) show the assumptions made and the derived utility data. Impacts in
mining, extraction, and transport of fuel to the utility generation plant have
been excluded due to their variability. The inventory data are not intended to
reflect the situation for all cases; fuel and water qualities and utility systems

may also vary considerably from case to case.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
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11.2.1 Assumptions by Golonka and Burgess Regarding Utility
Systems

Electricity generation (Golonka, 1996)

• electricity is obtained from Australian black coal

• black coal contains 16.7 wt % ash, 0.5 wt % sulphur, 60 wt % fixed

carbon; fuel value is 24 GJ per tonne of coal; 2.36 kg nitrogen is

emitted per tonne coal; 90% of the nitrogen is emitted as NO, 10%

as NO2
• efficiency of power generation is 36%.

Cooling water generation (Golonka, 1996)

• 5%of circulation rate is required asmake-upwater for coolingwater

circuit

• electric power of 0.182 kWh/m3 is consumed by air fans (estimated

from Peters & Timmerhaus, 1991) and circulating pumps

• cooling water temperature is 28◦C, leaving the cooling towers with
a 20◦C temperature rise in heat exchangers.

Steam generation (Burgess, 1999)

• steam is generated using natural gas as fuel

• 5% of steam produced is required as water make-up for steam

circuit

• boiler efficiency, defined as the ratio of energy used in generating

steam to energy liberated from fuel combustion, is 75%.

For low pressure steam, conditions of steam are 133◦C, 300 kPa, h (saturated
steam)= 2725 kJ/kg. For high pressure steam, conditions of steam are 250◦C,
40 bar, h (saturated steam)= 2801 kJ/kg.

Natural gas (Burgess, 1999)

• lower calorific value of natural gas is 46.7 MJ/kg

• natural gas composition: 90.6 % vol CH4, 5.6 % vol C2H6, 0.8 % vol

C3H8, 0.2 % vol C4H10,1.1 % vol N2, 1.7 % vol CO2,trace H2S (45 mg

S/Nm3 max)

• all sulphur in feed is assumed converted to SO2
• NOx emission has been assumed as 0.06 kg/GJ for natural gas fired

heaters of up to 30 MW duty, and as 0.08 kg/GJ of fuel energy

combusted in gas fired steam generation (Bently & Jelinek, 1989).
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11.2.2 Derived Inventory Data

Derived inventory data are summarised in Figs. 11.1 to 11.3.

Combustion air

Black coal feed
0.042 t moisture
0.070 t ash
0.250 t carbon
0.015 t hydrogen
0.0055 t nitrogen
0.0021 t sulphur
0.0012 t chloride
0.034 t oxygen
0.420 t coal

1.0 MWh
electric power

0.070 t ash

(for cooling and boiling feed)
1.7 t

(dry basis)
0.98 t oxygen
3.3 t nitrogen

Water
1.3 t evaporated
0.003 t to sewage
0.4 t to stream

Flue gases
0.920 t carbon dioxide
0.0042 t sulphur dioxide
0.0022 t nitrogen oxides
0.31 t water vapour
3.3 t nitrogen
0.22 t oxygen
0.001 t hydrogen chloride

Electricity
production

Make-up water from stream

Figure 11.1 Inventory data for electricity from black coal. Data obtained from

Golonka (1996).

0.113 kWh electricity for pumps(1)

0.067 kWh electricity for fan(1)

50 kg make-up water

1 cubic metre cooling water
(1)Refer to electricity production mass balance for relevant impacts

50 kg water losses as
evaporation, entrainment
and blowdown

Cooling Water
Consumption

Figure 11.2 Recirculated cooling water incorporating cooling tower. Data obtained

from Golonka (1996).

11.3 Inventory Data for Distinct Electricity Supply Systems

In subsequent work by May (2004), inventory data were derived for

electricity generation from a range of fossil fuels and a range of electricity

generation cycles. In this work, system boundary incorporated fuel extraction
and purification, fuel transport to the power station, electricity generation and
electricity transmission to the point of use. Power generation technologies
included those currently in common use and some promising advanced

technologies for coal, specifically integrated gasification combined cycle.

The cases of exporting Australian LNG and black coal to Japan for power

generation in that country were also considered.
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HP Steam consumption
Boiler efficiency 75%

80.0 kg natural gas
50 kg make up water

50 kg water losses

Flue gases
195 kg carbon dioxide
0.009 kg sulfur dioxide
0.299 kg nitrogen oxides

LP Steam consumption
Boiler efficiency 75%

50 kg water losses

Flue gases
190kg carbon dioxide
0.009 kg sulfur dioxide
0.291 kg nitrogen oxides

1 tonne LP steam

1 tonne HP steam

77.8 kg natural gas
50 kg make up water

Figure 11.3 Inventory data for steam generation from natural gas. Data obtained

from Burgess (1999).

Inventory data encompassing key inputs and outputs for 12 fuel/

technology combinations were developed and used to estimate normalised

environmental impact indices, applying LCA methodology.

Table 11.1 Input and output inventory data for extended electricity supply systems;

units are in kg per MWh delivered (adapted from May and Brennan, 2002)

System ST-BrC ST-BlC OCGT-NG IGCC-BrC IGCC-BlC CCGT-NG CCGT-LNG

Inputs
Main fuel 1464 467 303 754 261 159 178

Limestone 35.7

Outputs
Solids

Ash 21.8 87.3 6.8 26.7

Gases

CO2 1209 1023 825 740 660 445 535

CH4 0.007 1.65 0.979 0.340 0.974 0.478 1.28

NMVOC 0.022 0.024 0.048 0.011 0.012 0.174 0.475

N2O 0.018 0.009 0.006 0.011 0.012 0.010 0.014

NOx 1.68 3.36 2.83 0.187 0.200 0.767 1.29

CO 0.223 0.142 0.685 0.211 0.167 0.096 0.228

SO2 1.91 4.17 0.045 1.93 0.059 0.026 0.100

Particulates 0.493 0.548 0.285 0.022 0.038 0.037 0.063

Note: Flue gas scrubbing for SO2 removal has been assumed for IGCC-BlC
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Table 11.1 shows selected inventory data from these studies. Fuel and

generation system nomenclature adopted for Table 11.1 is as follows:

ST-BrC Steam turbine using brown coal

ST-BlC Steam turbine using black coal

OCGT-NG Open cycle gas turbine using natural gas

IGCC-BrC Integrated gasification combined cycle using brown coal

IGCC-BlC Integrated gasification combined cycle using black coal

CCGT-NG Combined cycle gas turbine using natural gas

CCGT-LNG Combined cycle gas turbine using liquefied natural gas

11.4 Hydrotreating of Diesel

11.4.1 Hydrotreating Process

Hydrotreating is the key operation in petroleum refining for control of

sulphur contents of fuels. Tighter targets for sulphur in gasoline and diesel

have been adopted worldwide in recent years. This study examines the

hydrotreating of gas oil to produce diesel blend stock. The primary aim was

to identify environmental burdens incurred, their relative importance, and

their source. Reactor temperature and pressure for the hydrotreater are of

the order of 350◦C and 60 bar, though these conditions vary depending

on feedstock composition and the catalyst used. In the reactor, sulphur in

various forms within the hydrocarbon feedstock is converted by hydrogen to

hydrogen sulphide. Hydrogen compressors and hydrocarbon feed pumps are

used to achieve reactor pressure. A fired heater is used to heat the combined

feed to achieve reactor temperature. After the reactor, heat is recovered

and pressure is let down to enable separation of unreacted hydrogen from

hydrocarbons. Unreacted hydrogen is recycled while the hydrocarbons are

distilled to separate light hydrocarbons and hydrogen sulphide (H2S) from

the desulphurised product. The light hydrocarbons are sent to an amine

absorption/stripping plant to recover H2S, for subsequent conversion to

sulphur in a sulphur recovery unit.

11.4.2 System Boundary

The system boundary adopted for the study and the linkages between

processing units are shown in Fig. 11.4. The system includes the following

process plants:
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Natural resource extraction

Refining and transport of
natural resources

(eg. crude oil, natural gas, coal, water)

natural gas

SRGO

Crude oil distillation

naphtha

Hydrogen
production

Amine unit

Sulphur recoveryVehicle diesel
combustion

Gas oil use in
ethylene plant

Hydrotreating

Construction
of processing
units

Sour gas
negordyH

Acid gas
disposal

   

Sulphur

Transport/distribution 
of gas oil

 

Combustion of
light ends

Sour water
treatment

Catalyst treatment/

Distribution of electricity, steam,
CW and energy from natural gas

Sulphur transport
and use

Catalyst
manufacturing

Generation of electricity, steam,
CW and energy from natural gas

Hydrogen
production

Figure 11.4 System boundary diagram for hydrotreating study (Burgess and Brennan 2001).
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• hydrotreating unit where gas oil is treatedwith hydrogen at elevated

temperature and pressure in presence of a catalyst, converting

sulphur to H2S

• hydrogen production plant

• amine absorption and stripping plant to recover H2S

• sulphur recovery units where H2S is converted to sulphur.

Two alternative sources of hydrogen were considered in the study:

• steam reforming of natural gas in a dedicated hydrogen plant (SRU)

• hydrogen by-product from a catalytic reformer unit within the

refinery (CRU).

Shaded areas on the diagram indicate operations included in the LCA study.

Since the product in this case was used both for diesel fuel and ethylene

feedstock, these uses as well as utilities usedwithin the various process units

are included within the system boundary.

Natural resource extraction, transport operations, and crude oil distil-

lation are excluded from the analysis, since impacts are common for all

case options explored. If, however, the study had compared diesel from

crude oil with diesel from renewable feedstocks, resource extraction and

transportation steps would need inclusion, due to basic differences in the

raw materials and their extraction.

Generation of electricity, steam, and cooling water, and use of gas in

fired heaters are included. However, distribution of these utilities from

utility generation plants to the process units is excluded. Other operations

excluded include catalyst manufacturing and disposal, sour water treatment,

combustion of light ends, construction of processing units, and the use

of recovered sulphur. Exclusions were based primarily on judgements

regarding the relative magnitude of impacts.

11.4.3 Inventory Data

Table 11.2 summarises the inventory data for the overall processing system,

comprising the hydrotreater unit, dedicated hydrogen plant (SRU), amine

unit, and the sulphur recovery unit. Data were based on flow sheet mass and

energy balance calculations, supplemented by estimates of fugitive emission

over the four plants. Inventory data are expressed in tonnes per barrel of

straight run gas oil (SRGO) fed to the hydrotreater. Hydrotreater capacity was

selected as 15,000 bbl/day of SRGO treated.

Inventory data in Table 11.2 show that the hydrotreater is generally

the major source of resource consumption and waste emissions. These
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Table 11.2 System inventory data (t/bbl SRGO) (Burgess & Brennan, 2001)

Hydrogen
Hydrotreatert production Amine unit Sulphur recovery Total

Resource used

Coal 3.83× 10−4 2.61× 10−4 1.04× 10−4 1.22× 10−4 8.70× 10−4

Water 4.36× 10−2 2.52× 10−2 1.70× 10−2 1.09× 10−3 8.69× 10−2

Natural gas 1.63× 10−3 2.36× 10−3 5.53× 10−4 −3.72× 10−4 4.17× 10−3

Waste generated

CO2 5.94× 10−3 5.21× 10−3 1.94× 10−3 −8.89× 10−4 1.22× 10−2

SO2 4.01× 10−6 2.68× 10−6 1.10× 10−6 1.16× 10−5 1.94× 10−5

NOx 7.08× 10−6 2.85× 10−6 2.25× 10−6 −5.06× 10−7 1.17× 10−5

Solid waste 5.55× 10−7 2.90× 10−6 0 5.59× 10−6 9.05× 10−6

H2S 1.52× 10−6 0 1.47× 10−6 4.71× 10−6 7.70× 10−6

HCs 2.62× 10−5 6.70× 10−8 2.56× 10−6 7.76× 10−7 2.96× 10−5

CH4 8.46× 10−7 5.20× 10−7 3.15× 10−7 1.10× 10−8 1.69× 10−6
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Table 11.3 Utilities contribution to life cycle inventories (Burgess, 1999)

% contribution from utilities
Input/Output Total inventory (t/bbl SRGO) to total inventory

Resource used

Coal 8.70× 10−4 100

Water 8.69× 10−2 80

Natural gas 4.17× 10−3 57

Waste generated

CO2 1.22× 10−2 78

SO2 1.94× 10−5 44

NOx 1.17× 10−5 83

Solid waste 9.05× 10−6 Minor

H2S 7.70× 10−6 Negligible

HCs (C+
2 ) 2.96× 10−5 Negligible

CH4 1.69× 10−6 Negligible

effects stem from the high electricity, cooling water, steam, and natural

gas requirements for the hydrotreater unit, reflecting the elevated reactor

temperature and pressure.

Steam is a by-product for both the hydrogen and sulphur recovery

units; it is assumed that there is demand for this steam elsewhere in the

refinery. Hence, consumptions and emissions associated with alternative

means of steam generation have been credited to these units, leading to

some inventories being represented as negative numbers. Table 11.3 shows

the high proportion of inventory which can be attributed to utilities use as

distinct from process streams. This highlights the importance of identifying

and reporting impacts derived from utilities.

Figure 11.5 shows the results of inventory estimates for the hydrotreater

unit. Sulphur content in the gas oil is reduced from 2.19 wt % in the feed

to 0.05 wt % in the product. Raw material and product streams, utilities,

spent catalyst, and fugitive emissions are shown. Raw materials consumed

and effluents generated as a result of utilities consumed are also shown.

All quantities are per bbl SRGO feed, selected as the functional unit. Similar
balances have been performed on the hydrogen, amine, and sulphur recovery

units in the processing system.

Scaling factors were applied to input and output data for each processing

unit so that inventories can be related to the functional unit of 1 barrel of

gas oil feed. For the hydrogen plant, inventory data were based on a plant

capacity of 80 tonnes per day (tpd). Since only 9.2 tpd hydrogen are required
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m 518.0maets t 20.0saG larutaN JM 86.13rewop cirtcele hWk 467.0 3 cooling water
(3.21 x 10-4 t coal use (6.34 x 10-4 t natural gas use (0.001 t water (0.041 m3 make-up water
1.3 x 10-3 t water use 1.97 x 10-3 t carbon dioxide 1.0 x 10-3 t natural gas use 6.17 x 10-5 t coal use
7.02 x 10-4 t carbon dioxide 7.1 x 10-8 t sulphur dioxide 3.13 x 10-3 t carbon dioxide 2.5 x 10-4 t water use
3.21 x 10-6 t sulphur dioxide 1.97 x 10-6 1.12 x 10-7 t sulphur dioxide 1.03 x 10-5 t ash
1.67 x 10-6 t nitrog 01 x 21.3sedixo ne -6 t nitrogen oxides) 1.35 x 10-4 t carbon dioxide
5.35 x 10-5 t ash) 6.17 x 10-7 t sulphur dioxide

3.23 x 10-7 t nitrogen oxides)

0.136 t diesel blending stock
(0.05 wt% sulphur)

1.0 bbl SRGO         Hydrotreating Process 5.07 x 10-3 t light ends
)gnimrofer maets morf negordyh(  )ruhplus %tw 91.2( (4.63 x 10-3 t oil compounds

4.36 x 10-4 t hydrogen sulphide)
6.08 x 10-4 t hydrogen feedstock 
(5.47 x 10-4 t hydrogen 1.45 x 10-4 t hydrogen purge
2.19 x 10-5 t methane (1.18 x 10-4 t hydrogen
3.89 x 10-5 t nitrogen) 1.45 x 10-5 t methane

Fugitive Emissions 1.38 x 10-6 t hydrogen sulphide
1.15 x 10-5 t oil compounds)

5.55 x 10-7 t cataly 01 x 25.1ts -6 t hydrogen sulphide
8.46 x 10-7 01 x 55.5enahtem t -7 t spent catalyst
2.62 x 10-5 t hydrocarbons

t nitrogen oxides)

Figure 11.5 Inventory data for hydrotreating process (Burgess & Brennan, 2001).
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by the hydrotreating unit, inventory values calculated for the hydrogen plant

were scaled by a multiplier of 0.115.

Where hydrogen is supplied from a CRU, hydrogen is a by-product from

this unit. If CRU impacts are allocated to the hydrogen stream on a mass flow

basis, a scaling factor of 0.017 results. While this factor is small, it reflects

the CRU’s dominant function in a refinery as an octane enhancer of gasoline,

rather than a hydrogen producer.

11.4.4 Impact Assessment

The impact assessment consisted of classification, characterisation, and

normalisation steps. Impact categories judged important in this study

included

• resource depletion

• global warming

• acidification

• photochemical oxidant potential

• nutrification

• human toxicity

• solid waste generation.

Table 11.4 shows the classification and characterisation for 1 bbl of SRGO

treated with hydrogen from the dedicated plant. Resource depletion was not

rigorously assessed on the basis that

• assigning coal to electricity, and natural gas to both fired heaters and

steam generation was to some extent arbitrary

• resource scarcity would be screened out in the normalisation step.

Normalisation was performed on impacts from emissions by dividing

each score by the total score for that region or for the world. The normalised

acidification score for the world for example equals

acidification score for system [kg SO2/bbl SRGO]

annual global acidification score [kg SO2/year]
(11.1)

The units of normalised impact scores are thus ‘years/bbl SRGO’. Estimates

of global and Australian data used in normalising impacts are shown in

Table 11.5.

Mass inventories for coal and natural gas were converted to their energy

equivalents and summed, and classified as normalised ‘energy depletion’.

Normalised global impacts are shown in Fig. 11.6. This is a typical graphical
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Table 11.4 Classification and characterisation for 1 bbl SRGO treated (H2 from dedicated plant) (Burgess and Brennan, 2001)

Resources used Wastes generated
Coal Natural gas Water NOx CO2 SO2 Solid waste H2S C+

2 CH4
Hydrocarbon

Inventory (kg) 0.87 4.17 86.9 1.2E-02 12.2 1.94E-02 9.05E-03 7.70E-03 2.96E-02 1.69E-03

Equivalency factors
Resource depletion 1 1 1

Global warm, kg CO2/kg 1 11

Acidification, kg SO2/kg 0.7 1

Photochemical oxidant 0.377 0.007

formation, kg C2H4/kg

Human toxicity, kg/kg 0.78 1.2 0.78

Nutrition, kg phosph/kg 0.13

Solid waste, kg/kg 1

Impact score Total
Resource depletion, kg 0.87 4.17 86.9 91.9

Global Warming kg CO2 12.20 1.86E-02 12.22

Acidification, kg SO2 8.2E-03 1.94E-02 0.0276

Photochemical oxidant 1.12E-02 1.18E-05 0.0112

formation, kg C2H4
Human toxicity, kg 9.1E-03 2.33E-02 6.01E-03 0.0384

Nutrification, kg phosph 1.5E-03 0.00152

Solid waste, kg 9.05E-03 0.00905
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Table 11.5 Global and Australian normalisation data (Burgess & Brennan,

2001)

Impact Global Source Australian

Energy depletion (GJ/yr) 2.35× 1011 UNEP (1996) 4.2× 109(1)

Water use (m3/yr) — — 1.46× 1010(2)

Global warming (kg CO2/yr) 3.77× 1013 UNEP (1996) 4.03× 1011(3)

Acidification (kg SO2/yr) 2.86× 1011 UNEP (1996) 2.94× 109(4)

Photochemical oxidant formation 3.74× 109 UNEP (1996) 8.95× 108(4)

(kg C2H4/yr)

Human toxicity (kg/yr) 5.76× 1011 UNEP (1996) —

Nutrification (kg phosphate/yr) 7.48× 1010 UNEP (1996) —

Solid waste (kg/yr) — — 6.6× 1011(5)

(1)1993–1994 data
(2)1987 data
(3)1995 data
(4)1995 data
(5)1996 data

Note: Details of data sources are provided in (Burgess & Brennan, 2001).
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Figure 11.6 Environmental scores normalised using global normalisation data

(Burgess and Brennan, 2001).

representation of impact profiles, showing normalised impact scores for

each impact category. The figure indicates that hydrogen sourced from the

dedicated plant results in marginally higher impact than hydrogen sourced

from the catalytic reformer. It also indicates that photochemical oxidant

potential is the dominant impact, exceeding that of energy depletion and

global warming. However, if impacts are normalised using Australian data,
the dominance of photochemical oxidant potential is reduced, and less than
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Figure 11.7 Environmental scores normalised using Australian normalisation

data (Burgess and Brennan, 2001).

energy depletion and global warming. Figure 11.7 shows normalised scores

for Australia based on hydrogen from the catalytic reformer. The different

relativity in impacts is due to higher emission of gases contributing to

photochemical oxidant potential in Australia than in Holland, which was the

basis for the UNEP estimate of global data.

The profile for energy depletion, global warming, and acidification

categories, however, is similar for the global and Australian data. Australian

data were not available for human toxicity and nutrification categories.

Data for Australia, Holland, United Kingdom, and Western Europe show

there is significant variation in man-made volatile organic compound (VOC)

emissions for different regions, thus impacting on the normalised score

obtained for photochemical oxidant formation. It is of interest that the

contributions to photochemical oxidant potential are those from fugitive

hydrocarbon emissions. This emphasises the importance of both assessing

fugitive emissions in the inventory analysis, and reducing these emissions in

plant design and maintenance.

11.4.5 Environmental Burden versus Benefit Comparison

The environmental benefit of combustion of a lower sulphur diesel can

be compared with the environmental burden incurred in the extended
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Figure 11.8 Environmental burden versus benefit of desulphurising: 2.19 wt% to

0.05 wt% S (Burgess & Brennan, 2001).

hydrotreating system. This comparison is illustrated in Fig. 11.8 for the case

of reducing sulphur in gas oil from 2.19wt% to 0.05wt%, where the benefits

clearly outweigh the burdens.

The comparison has beenmade for the case of a gas oil feedstock of lower

sulphur content, where reduction is from 0.16wt% to 0.05wt% S (Fig. 11.9).

In this case, burdens outweigh the desulphurisation benefits. (Hydrotreating

has additional benefits such as reduction in aromatics and in nitrogen which

have been ignored in this comparison.)

While the estimated benefit versus burden balance would improve with

fewer fugitive emissions and with reduced weighting of photochemical

oxidant impact, the balance is clearly less favourable for low sulphur

feeds than for high sulphur feeds. This is because elevated pressures and

temperatures in the hydrotreater are required independent of the sulphur

concentration in the feed.

11.4.6 Conclusions

This study illustrates how LCA studies can be used for assessing environ-

mental burdens. In the process system studied, the hydrotreater has been

demonstrated as the major contributing unit to environmental burdens.

Interestingly it was also the major contributor to capital and operating
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Figure 11.9 Environmental burden versus benefit of desulphurising 0.16 wt% to

0.05 wt % S (Burgess & Brennan 2001).

costs, as discussed in Chapter 14. While there were differences in costs and

environmental burdens in the two sources of hydrogen explored, the effect

of these differences within the overall system was small. The environmental

benefit of hydrotreating relative to the environmental burden incurred in

hydrotreating is less for lower sulphur feeds.

Aspects of LCA methodology which were evident in the study included

• the importance of utility systems in inventory data

• the potential contribution of fugitive emissions to inventory data

• the sensitivity of normalised impacts to the region under considera-

tion

• the policy for allocation of burdens between product streams.

Acknowledgements

Case studies are drawn from the work of K. A. Golonka, A. A. Burgess, and J. R.

May, their theses and joint publications with D. J. Brennan.



August 27, 2012 15:47 PSP Book - 9in x 6in 11-David-Brennan-c11

References 245

Figures 11.6, 11.7, 11.8, 11.9, 11.10, and 11.11 and Tables 11.2, 11.4, and

11.5 have been reprinted from Burgess and Brennan (2001) with permission

from Elsevier. Table 11.1 is adapted from May and Brennan (2003, 2004).

References

Bently, K. M. and Jelinek, S. F. (1989) NOx Control Technology for Boilers Fired with

Natural gas or Oil, Tappi Journal, pp. 123–130, April.

Burgess, A. (1999) An Environmental and Cost assessment of Gas Oil Desulphurisation,
MEngSc Thesis, Monash University.

Burgess, A. A. and Brennan, D. J. (2001) Desulfurisation of gas oil. A case study in

environmental and economic assessment, J. Clean. Prod., 9, 465–472.

Gary, J. H. and Handwerk, G. E. (1994) Petroleum Refining. Technology and Economics,
3rd edn, Marcel Dekker, New York.

Golonka, K. A. (1996) Strategies for Treatment of Smelter Gases Containing Sulphur
Dioxide, PhD Thesis, Monash University.

May, J. (2004) Sustainability of Electricity Generation Using Australian Fossil Fuels, PhD
Thesis, Monash University.

May, J. R. and Brennan, D. J. (2003) Life cycle assessment of Australian fossil fuel

energy options, Transactions of the Institution of Chemical Engineers, Vol. 81 Part
B, pp. 317–330, and (2004) Vol. 82 Part B, p. 81.

Peters, M. S. and Timmerhaus, K. D. (1991) Plant Design and Economics for Chemical
Engineers, 4th edn, McGraw-Hill, New York.



This page intentionally left blankThis page intentionally left blank



August 23, 2012 17:43 PSP Book - 9in x 6in 12-David-Brennan-c12

Chapter 12

Safety Evaluation

12.1 Introduction

Safety is often not presented in the sustainability literature as a key

sustainability criterion. However, safety is indisputably of vital importance in

judging the social merits of a process technology, plant, product, or industry.

This is because of the potential threat to life, health, or well-being not only

of employees, but also of resident communities near factories and users of

industrial products. In conventional sustainability terminology, these three

social groups are key stakeholders.

Safety has long been an acknowledged issue for the process industries,

particularly in view of the large inventories of hazardous materials

processed, stored and transported. The main hazards, derived from the

flammable and toxic properties of materials handled, are fire, explosion,

and toxic release. These are superimposed on the range of commonly

encountered industrial hazards such as

• tripping

• falling objects

• electrical hazards

• asphyxiation

• noise

• working in confined spaces

• health effects from exposure to chemicals.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
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The 1960s saw a strong emergence of safety consciousness within the

chemical process industries, spurred on by the development and construc-

tion of large single stream plants to produce many commodity chemicals.

Large plants brought economies of scale in capital and production costs,

but there were downsides. Large inventories of hazardous materials implied

substantial safety hazards. Deficiencies in reliability implied economic

penalties through production loss, and also potential hazards derived from

abnormalities in plant operation. There have also been concerns for public

safety arising from transport of hazardous materials from centralised, large-

scale plants to off-site downstream processing plants and other customers.

Many internal company initiatives were under way in 1974, when the

Flixboro disaster spelt out the sentence that many had feared. Release of a
large inventory of flashing cyclohexane liquid, with a resulting vapour cloud

explosion flattened the caprolactum plant, killing all on-site and damaging

nearby houses. This event had a major impact on accelerating the drive

towards inherent safety — smaller inventories, safer processing conditions

for hazardous materials, and substituting less hazardous process materials.

There was also a trend towards building fortress-like control rooms, such

that in the event of a major hazard, personnel within control roomswould be

safe and records of the incident could be preserved for future learning.

Further judgement was passed in 1984 with the Bhopal incident in India
— this time involving a massive release of toxic methyl isocyanate, killing or

adversely affecting huge numbers of civilians living close to the plant. Again

the message of inherent safety was emphasised, with the theme of ‘what you

don’t have can’t leak’ (Kletz, 1978) having poignant effect. The implications

of safe boundary distances from processing facilities were also underlined.

In University chemical engineering courses in the early 1960s, little

was taught on process safety, except in the context of pressure vessel

design and pressure relief provisions. An important message that escaped

many undergraduates was the importance of process and plant design

being sufficiently robust to failures in plant, equipment, utilities and

instrumentation, aswell as operator error. It was not until themid 1970s that

hazard and operatability (HAZOP) studies, exploring outcomes of deviations

from design intent, became common in the chemical industry. Since then,

major developments in safety curriculum have occurred, spurred on by

professional society accreditation.

Engineers and scientists within industry are required to address a wide

range of situations arising from the diverse nature of process technologies,

the materials handled, and the range of temperature, pressure, and

concentration conditions encountered. A range of perspectives, knowledge
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areas, and tools must be adopted including process safety fundamentals

and also involving stoichiometry, fluid mechanics, radiant heat transfer,

thermodynamics, and kinetics, as well as process and plant design. Process

safety topics are addressed both within design texts (e.g., Sinnott & Towler,

2009) and specialist texts (e.g., Crowl & Louvar, 2002), the latter having a

strong emphasis on quantitative analysis. Table 12.1 summarises some key

issues in process safety evaluation.

12.2 Importance of Learning from Accidents,
Dangerous Occurrences

Learning from past disasters is a very important part of process safety.

These past incidents have usually been thoroughly scrutinised, debated, and

reported through legal public enquiries, providing valuable opportunity for

study and learning. Learning is instructive in relation to

• the inherent causes of the disaster

• the sequence of events leading to the disaster

• the human shortcomings (whether in knowledge, training, response,

management) leading to the disaster

• the resulting impacts on society, the environment and the economy.

Useful references for learning about previous major industrial accidents

include Lees (1996), Marshall and Ruhemann (2001), and the IChemE’s

Loss Prevention Bulletin. The IChemE’s Loss Prevention Bulletin, published

monthly, not only reports on a wide range of incident types within the

process industries, but provides excellent insight into aspects of plant design

and the nature of plant operations. Unfortunately there have been industrial

accidentswhich have not had adequate scrutiny because of fortunate escapes

from death or injury, small numbers of people hurt, or because the accident

has not had a major impact on the wider community. Proper investigation of

all dangerous occurrences is imperative both to ensure corrective action and

learning to avoid future recurrence.

Structured root cause analysis (Sutton, 2010) can be beneficial in

identifying root causes of accidents and ‘near misses’. A sequence of events

leading to an accident might be identified initially in terms of failures by

instruments or by human operator error. However, there may be underlying

causes of failure such as procurement of unreliable instruments, or systemic

management failures in relation to operating procedures or training. Root

cause analysis was an integral part of the investigation into the explosion in
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Table 12.1 Check list of some key considerations in process safety evaluation

Flammability Properties of Substances (1)

Flammability limits

Flash point

Auto-ignition temperature

Heat of combustion

Ignition Sources
Common ignition sources in process plants include

• Electric motors

• Open flames, for example, in fired heaters

• Static electricity

• Others

Fires
Fire types include pool fires and flash fires. Resulting damage can include

• Radiation damage to people, materials, buildings

• Asphyxiation from envelopment in flames

• Secondary effects such as contributing to BLEVE’s (boiling liquid expanding vapour

explosions)

Explosions
Explosions involve sudden violent release of energy (mechanical or chemical).

Chemical explosions are classified as detonations or deflagrations.

Explosions are sometimes classified as confined or unconfined.

Resulting damage from deflagrations include

• Effects of overpressure which decrease in severity with increased distance from the

explosion

• Possible secondary damage frommissile effects

Toxicity (2)

Acute toxicity (short-term effects) is distinguished from chronic toxicity (long-term
effects).

Safe working exposure limits are set for various chemicals to protect plant operating

personnel.

For accidental release of toxic material, atmospheric dispersion plays an important role in

reducing concentrations within and beyond boundaries of plant site

Inerting and purging are important strategies
• For avoiding ingress of air (and hence oxygen) into piping and equipment handling

flammable materials

• Removing toxic or flammable materials from piping and equipment prior to isolation

for maintenance

Overpressure and Underpressure
Subjecting piping or equipment to pressures above or below their intended or design

conditions
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Table 12.1 (Contd.)

• Causes, including equipment failure, utility supply failure, operator error

• Consequences, including air ingress (underpressure) and collapse or fracture

• Preventive approaches, including alarms, trips, interlocks

• Methods of pressure relief, including relief valves and busting discs, and safe

disposal of released chemicals

Hazards Associated with Storage
Atmospheric pressure storage of flammable or toxic liquids — related risks of

underpressure, overpressure, fluid leakage and air ingress

Pressurised storage of toxic or flammable liquefied gases under ambient temperature

conditions— related risks of fluid release Potential for BLEVE’s in pressurised storage of

flammable liquefied gases

Inherent Safety
• Adoption of new process routes with safer materials and conditions

• Substituting non-toxic for toxic materials

• Reducing inventories of hazardous materials

• Providing less severe conditions, for example, of pressure, temperature, and

concentration to minimise potential hazards

Plant Layout Provisions
• Separating concentrations of people from hazardous areas

• Separating flammable material areas from ignition sources

• Considering prevailing wind directions

Note: (1),(2)For definitions and properties, see Crowl and Louvar (2002). For notes on

flammability limits within chemical processes, see Appendix 3 in this chapter.

the Isomerisation Unit at BP refinery in Texas City inMarch 2005 (Broadribb,

2006).

12.3 Life Cycle Issues

Apart from focusing on safety issues within process plants, safety is a key

concern in the extraction and purification of resources, in the transport

of raw materials, intermediates and products, and in product use. For

mineral resources, there is concern for the safety of mining, especially

underground mines, from the viewpoints of ground stability, ventilation,

and secure routes of access and egress for personnel. Underground coal

mines have the dual hazards of ground stability and fire/explosion risks.

A dramatic example of potential hazards in oil and gas extraction was the

Piper Alpha incident (http://www.fabig.com/Accidents/Piper+Alpha.htm)

and (Cullen, 1990). Piper Alpha, a major offshore oil and gas production
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platform operating in the North Sea, was destroyed by fire and explosion in

1988 resulting in 167 deaths.

Many fuels, chemicals, and other materials with toxic, flammable or

otherwise hazardous properties are transported by road, rail, or ship. Risks

associated with such transport were discussed in Chapter 9. One of the

most damaging road accidents was the so called ‘Spanish Campsite Disaster’

in 1978. In this disaster a road tanker containing 23 tonnes of liquid

propylene burst near a campsite in Spain (close to Tarragona on the east

coast), releasing a large vapour cloud which ignited. Some 215 deaths, 67

serious injuries, and widespread property damage were reported (Marshall

& Ruhemann, 2001).

Towards the end of a product life cycle there are the issues of safety

in product use and ultimate disposal. Many products have implications for

safety and the environment when disposed of through incineration or at

landfill sites. End of life concerns also apply to numerous facilities and plants,

including contaminated soils at petrol stations, contaminated soils and

groundwater at used chemical plant sites, landfill gases and ground water

contamination at landfill sites, emissions from incinerators, and mothballed

nuclear power plants.

12.4 Health, Safety, and the Environment

Many companies and industries have aggregated their efforts in health,

safety, and the environment. There are important links between these areas

encouraging this integrated approach. For example, there are human health,

safety and environmental impacts arising from exposure to

• toxic substances

• noise

• excessive temperatures (thermal pollution, burns, damage to

materials).

Health, safety, and environmental damages also frequently result from

industrial accidents. Examples of environmental damage arising from major

industrial accidents include the disasters of the well-publicised Seveso,

Chernobyl, and Basel incidents reported under Section 12.5.

There are often common precursors to safety and environmental

accidents including

• abnormality in operation

• failure of hardware such as instruments, valves, equipment items
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• failure of utilities such as electricity, cooling water, steam

• human failure, whether of operator, engineer, or manager.

There are also common outcomes of safety and environmental incidents

including

• societal impacts — personal, family and community

• impacts on the image of a company or industry sector

• interruption to production or service provision

• loss of product quality

• financial losses (arising from loss of production, loss of facility,

damage to plant, increased insurance premiums).

12.5 Examples of Safety Incidents in the Process Industries
Involving Environmental Damage

Some safety incidents which also resulted in environmental damage are now

briefly discussed.

A. Seveso (15 miles fromMilan, Italy) — 1976 [Ref. Appendix 2 in Lees 1996]
Rupture of a bursting disc on a chemical reactor occurred at a chemical

works: a white cloud drifted from the chemical works and material was

deposited downwind. Among substances deposited was a very small amount

of TCDD (2,3,7,8-tetrachlorodibenzoparadioxin), one of the most toxic

chemicals known.

There followed a period of confusion due to lack of communication

between the company and the authorities, and the latter’s inexperience in

dealing with this kind of situation. In the next few days in the affected area,

animals died and people fell ill. A partial, belated evacuation took place. In the

immediate aftermath there were no deaths directly attributable to TCDD but

a number of pregnant women who had been exposed suffered miscarriages.

B. Chernobyl (Ukraine) — 1986 [Ref. Appendix 2 in Lees 1996]
On Monday, 28 April 1986, a worker at a nuclear power station in Sweden

put his foot in a radiation detector for a routine check and registered a high

reading. The power station staff thought they had had a radioactive release

from their plant and the alarm was raised. In fact an accident had occurred

800 miles from Sweden at Chernobyl on Saturday, 26 April (1.24 am). An

experiment to check the use of a turbine during rundown as an emergency

power supply for the reactor went catastrophically wrong. There was a
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power surge in the reactor, the coolant tubes burst and a series of explosions

rent the concrete containment. The graphitemoderator caught fire and burnt

sending out a plume of radioactive material. Emergency measures to put out

the fire and stop the releasewere not effective until 6May, some 10 days later.

Of those on-site at the time, two died on-site and a further 29 died in

hospital over the next few weeks. All others on-site were affected to varying

degrees. There have also been ongoing health problems experienced by the

local population. There were mitigating features in that at the time of the

initial release of radioactive material there was dry weather, no wind, and it

was night with most people indoors.

C. Basel (Switzerland) —Warehouse fire (1986)
A large fire occurred in a warehouse used by Sandoz (a Swiss chemical

manufacturing company). The fire generated heavy smoke containing

offensive materials, and the local population was warned to take refuge

indoors. More serious consequences resulted from the use of water by

firefighters, which subsequently drained into the River Rhine, carrying toxic

chemicals. Severe ecological damage was caused to the river over a distance

of 250 km, including the death of a large number of fish and eels.

D. Coode Island (Melbourne, Australia) — 1991
Approximately 8.5 million litres of chemicals burned following a fire and

failure of an acrylonitrile storage tank at Victoria’s largest toxic chemical

storage facility. Huge clouds of toxic smoke and fumes threatened nearby

suburbs, but fortunately were largely dispersed by high winds in the area.

More than 250 people were evacuated from nearby factories and ships. Of

the 150 firefighters who fought the inferno, 2 were injured. A total of 14

storage tanks containing about 600,000 L of chemical each were destroyed

and 230,000 litres of fire-suppressing foam were used against the blaze.

Damage to the facility and clean-up costs were estimated at over $20 m

(Australian $ 1991) (Ref. www.ema.gov.au/).

E. Oil rig accidents (2010, 2009)
An explosion and fire (April 2010) on the Deepwater Horizon drilling rig was

reported by news media to have caused 11 deaths of crew on the rig and

subsequent oil leak in the Gulf of Mexico threatening the coast of Louisiana,

Texas and the Mississippi estuary in the United States. Estimates of leakage

rates reported have ranged from 1000 to 8000 barrels a day.

A separate explosion and fire (August 2009) and associated oil leak of

400 to 3000 barrels per day were reported by newsmedia in the Montana oil

field, west of Darwin, Australia.
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F. Oil release from shipping accidents
Cases of sea pollution with serious consequences have occurred with the

grounding of tankers on coasts. There are numerous examples, including

(1967) Torrey Canyon carrying 114,000 tonnes of crude oil on the coast of

Cornwall; (1978) Amoco Cadiz lost its steering and ran aground on Brittany

coast; (1989) Exxon Valdez ran aground at Alaska rupturing 8 cargo tanks

and releasing some 258,000 barrels of oil.

12.6 Accident Prevention

There are a number of approaches to accident prevention. Design reviews are

held at key stages of project development and process design for new plants,

and for proposed modifications to operating plants. These reviews aim to

ensure that systems, procedures and equipment are in place to prevent an

initiating failure, and that adequate and reliable lines of defence are available

in the event of such a failure.

A key step in early stages of project development is hazard identification,

assisted by check lists. Some examples of such check lists can be found in

Sinnott and Towler (2009) Chapter 9, in conjunction with the outline of the

Dow Fire and Explosion Index and in Crowl and Louvar (2002) Chapter 10,

which deals specifically with hazard identification. It is important in the early

stages of process development or process design to strive, where possible, to

use process materials and conditions which will favour both safety and the

environment.

12.6.1 The HAZOP Approach

The HAZOP approach developed for project safety seeks to identify deviations
from intent. A ‘what if ’ scenario is systematically explored for a complete

range of deviations for each intended condition of a process stream,

equipment item or section of pipe. This explores causes, consequences, and

corrective action, whether at design or operational level.

Examples of deviation applied to level, flow, pressure, temperature,

composition include

HIGH

LOW

ZERO

REVERSE (for FLOW)



August 23, 2012 17:43 PSP Book - 9in x 6in 12-David-Brennan-c12

256 Safety Evaluation

NEGATIVE (for PRESSURE)

CONTAMINANT (for COMPOSITION).

A similar approach is explored through event scenarios, for example, what

happens if there is

• failure of a key utility such as steam, electricity, cooling water, or

nitrogen

• spillage of a hazardous substance

• leakage, either into or out of a process system

• accident in transit (ship, train, road tanker) or in loading/unloading

operation

• material impurity whether

� in a raw material to process

� in a consignment of waste for landfill

� resulting from a specific error by an operator.

The HAZOP study is normally performed on piping and instrumentation

diagrams. A key element of success of the HAZOP study is the extent and

diversity of experience that can be brought to bear on the study through team

membership. It is important to have design, operational, and maintenance

experience within team membership, and good team management to secure

useful outcomes.

A desirable output from the HAZOP study is a plant which is robust to

failure tolerance in plant, equipment, instrumentation, utilities, as well as its

management systems and people. Some key aspects of failure tolerance are

summarised in Appendix 1 of this chapter.

HAZOP studies were specifically developed for safety reviews but their

principles can be similarly applied to environmental accidents and releases.

12.7 Techniques for Investigating Probability of Major Incidents

Techniques are used for exploring sequences of events which can develop

from a particular fault occurring, and also sequences of eventswhich can lead

to a specified undesirable outcome. These include

• the event tree, which starts with an event (e.g., loss of cooling

water) and examines possible consequences, outcomes, and their

probability.

• the fault tree, which starts with a serious end result (e.g., an

explosion or over pressuring a vessel), referred to as a ‘top event’,
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INITIATING
EVENT

SUBSEQUENT EVENT

LOSS OF
COOLING
WATER

YES

YES

NO

NO

RESULT

REACTOR
SHUTDOWN

REACTOR
RUNAWAY

REACTOR
RUNAWAY

Low pressure
alarm alerts

operator

Operator actuates
reaction ‘Kill’

Figure 12.1 Example of event tree initiated by cooling water failure.

and examines possible sequences of events leading to that end

result. Fromestimates of the probabilities of contributing causes, the

probability of the end result is then estimated.

Simple examples are provided of an event tree (Fig. 12.1) and a fault

tree (Fig. 12.2). A useful explanation of event and fault trees, supported by

examples, is provided by Crawley and Tyler (2003).

Figure 12.1 shows some possible events following the loss of cooling

water to a batch reactor undergoing an exothermic reaction. A runaway

reaction is possible and in themost serious case can result in loss of contents

through pressure relief. One remedial action is to add a reaction stopper (see

discussion in Chapter 4 under Section 4.16).

Figure 12.2 shows some conditions leading to complete loss of pumping

capacity for cooling water. In this case, cooling water is pumped from a

cooling tower using two centrifugal pumps, each operating continuously and

each sized to provide 50% of required cooling water capacity. One pump

(Pump A) is driven by a steam turbine, while the other pump (Pump B) is

electrically driven.

12.8 Risk Assessment

Risk assessment involves a quantitative evaluation of whether the risks

associated with any hazard meet established criteria of acceptability. Risk
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TOP EVENT

TOTAL LOSS
OF CW

PUMPING
CAPACITY

LOSS OF CW
SUPPLY FROM

PUMP (B)

AND

LOSS OF CW
SUPPLY FROM

PUMP (A)

STEAM
FAILURE

TURBINE
FAILURE

PUMP (A)
FAILURE

MOTOR
FAILURE

ELECTRICITY
FAILURE

PUMP (B)
FAILURE

OR

OR

Figure 12.2 A fault tree example for loss of cooling water (CW) pumping capacity.

(or probability) of death froman incident can be estimated and compared, for

example, with fatality statistics associatedwith travel or recreation activities.

Risk is commonly interpreted as the combination of

• consequence (severity)

• likelihood (frequency).

Risk matrices, providing a tabular representation of consequence and

likelihood, are commonly used during or after hazard identification studies,

to screen hazards or to conduct a simple risk analysis. A useful discussion of

the use of risk matrices is provided by Middleton and Franks (2001).

12.9 Preventive Approaches

A number of preventive approaches can be used to avoid major accidents or

minimise their consequences. These include
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• inherent safety initiatives involving

� new process routes with safer materials and conditions

� substitution of hazardous materials with non-hazardous mater-

ials

� reduced inventories of hazardous materials

� less severe conditions of pressure, temperature, concentration

• inerting and purging where flammable or toxic materials are used

• removing potential ignition sources

• providing a plant layout which

� limits concentrations of people in hazardous areas

� takes account of the prevailing wind direction

� separates flammable materials from ignition sources.

Principles of inherent safety are summarised in further detail in Appendix

2 of this chapter. A number of indices have been proposed to provide a quan-

titative assessment of inherent safety. Awell known andwidely used example

is the Dow Fire and Explosion Index. Such indices can be used for identifying

the most hazardous steps in a process or the most hazardous section of a

process plant. Introductions to the use of the Dow Fire and Explosion index

are provided by Crawley and Tyler (2003) and by Sinnott and Towler (2009).

The application of the Dow Fire and Explosion index in evaluating

inherent safety merits has been discussed within the framework of a sus-

tainability assessment of integrated gasification and combined cycle power

generation (IGCC) using black coal (Falcke, Hoadley, Brennan, & Sinclair,

2010). A separate study involving application of inherent safety principles

to an onshore gas plant has been reported by Pickering and Brennan (2005).

12.10 Transport and Storage of Chemicals

There are environmental and safety hazards associated with both storage

and transport of many chemicals of commerce. The process industries have

grown up with such hazards, but increasingly there is community pressure

to reduce or remove them. There have been relatively recent arguments

for a shift in strategy from manufacture of hazardous chemicals in large

plants with subsequent transport to the customer, towards a strategy of

smaller scale manufacturing plants located at various points of use. The

supply andmanufacture of chlorine and hydrogen cyanide have been cited as

examples. This strategy shift is discussed further in Chapter 15 in the context

of industrial planning.
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Industrial ecology initiatives, involving exchange of surplus waste and

energy streams between plants on the one site or between plants on

separate sites in an industrial zone, should be supported by thorough risk

assessments. Operational responsibilities of participating plants, including

communications between operating personnel of participating plants,

should be agreed, clearly defined, and understood.

The damage potential associated with the transport and storage of

hazardous materials was identified in Chapter 9.

12.11 Government Legislation

It is essential to keep abreast of developments in government legislation

dealing with safety issues. A useful review on developments in Britain and

Europe is published in the IChemE journal Process Safety and Environmental
Protection.

An example of government legislation in Victoria, Australia is the

Occupational Health and Safety regulations for major hazard facilities which

came into effect in 2000. A major hazard facility is a plant which stores,

handles or processes quantities of dangerous chemicals or products above

a defined threshold. Typically, such facilities include petroleum refineries,

chemical and gas processing plants, and storage and distribution sites

for hazardous materials. Under this legislation, operating companies are

required to

• establish and implement a safety management system;

• identify hazards and resulting incidents, and assess associated risks;

• adopt control measures to eliminate or reduce risk as far as

practicable;

• prepare emergency plans in conjunction with local emergency

services and the wider community;

• prepare a safety case and apply for a license.

A safety case in this context is a written document outlining measures

to prevent a major incident and to deal with a situation which might result

from such an incident. Much of the requirements of this legislation is being

adopted by other Australian states and much of it can be expected to be

applied in the future to smaller plants and facilities. Details of the Victorian

safety legislation and related issues and publications can be found on theweb

at http://www.worksafe.vic.gov.au/.
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Emergency response training within a plant or company, which involves
key groups from the external community as well as company employees, is

an important aspect of preparedness for dealing with hazardous events.

There is legislation in most countries covering the transport and storage

of hazardous goods, including responsibilities of employers to employees.

One important aspect is the need to provide safety data sheets so that

employees know the hazards they are dealing with and the necessary

precautions to be taken.

12.12 Concluding Remarks

The process industries are inherently hazardous because of the toxic and

flammable properties of many of the materials handled, the large scale

of operations, and the sizeable inventories of materials within plants and

storage and distribution systems. The safety and wellbeing of employees and

people living near process plants is of major importance in the context of

concern for stakeholders under the sustainability ethos.

This concern extends over the complete life cycle of products from

extraction of basic rawmaterials and fuels, the variousmaterials distribution

systems, processing andmanufacturing, through to product use. The concern

also extends over the complete life cycle of plants including construction,

operation, and decommissioning.

In this chapter we have outlined some basic principles associated with

the identification and prevention of hazards, and introduced some key

approaches to risk assessment and reduction, supported by useful references

for further reading.
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Appendix 1. Failure Tolerance

A check list is suggested for use in conjunction with HAZOP approaches to

consider the robustness of process plant design:

• process operators

� fatigue

� lack of training

� peak demand, including alarm response

• process Equipment
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� leakage

� corrosion failure

• piping

� leakage

� corrosion failure

• valves, control valves

� valves actuated to close but allowing fluid to pass

� valves actuated to open but remaining closed

� pressure relief devices leaking when not engaged and failing to

relieve properly when engaged

• instruments

� inaccurate readings

� blocked impulse lines

• utility systems failing to perform reliably or at all

� electricity

� cooling water

� steam

� fire water

� inert gas for purging.

Appendix 2. Principles of Inherent Safety (Pickering and
Brennan, 2005)

The inherently safer design approach is to eliminate or reduce the hazard

by changing the process itself, rather than by adding on additional safety

devices and layers of protection. Approaches to the design of inherently

safer processes and plants have been grouped into several major categories.

The terminology in describing these approaches differs around the world.

Regardless of the terminology used, there are essentially four methods of

inherently safer design (ISD):

Substitute: Replace a material with a less hazardous substance. It can

involve the complete elimination of a hazardous material. It is applicable

to materials, process routes, and process equipment. Using a safer material

in place of a hazardous one decreases the need for added on protective

equipment and thus decreases plant cost and complexity.
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Minimise: Use smaller quantities of hazardous substances, such that if

a release occurs, the impact is minimal. This strategy applies when the

hazardous material cannot be eliminated. Inventories can often be reduced

in almost all unit operations, as well as in storage. This reduction can also

bring about reduction in cost, where less material needs smaller vessels,

structures, and foundations.

Simplify: Design facilities which eliminate unnecessary complexity, make
operating errors less likely, andwhich are robust to operating errors. Simpler

plants are usually cheaper and easier to operate and maintain.

Moderate: Use less hazardous conditions, a less hazardous form of a

material, or facilities which minimise the impact of a release of hazardous

material or energy. Moderate embodies the concepts of attenuation and

limitation of effects.

Appendix 3. Some Notes on Flammability Limits

Flammability limits are normally reported for ambient temperature and

pressure. However, it is important to recognise that these limits depend on

temperature and pressure. This has implications for chemical reactions oc-

curring at elevated temperatures and pressures. Some important industrial

examples, all involving reaction at elevated temperatures are

• methanol oxidation to formaldehyde

• methane/ammonia oxidation to hydrogen cyanide

• ammonia oxidation to nitric oxide (precursor to nitric acid).

Crowl and Louvar (2002) give empirical equations for temperature and

pressure effects on upper and lower flammability limits.
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Chapter 13

Assessment of Costs and Economics

13.1 Introduction

In this chapter, we explore key economic factors influencing the viability of

capital investment in process industry projects. Many reported case studies

in completed cleaner production projects have claimed win/win benefits,

that is,

• improved environmental performance=WIN

• reduction in costs=WIN.

Economic benefits of cleaner production projects can derive from a number

of sources including

• reduced raw materials consumption

• reduced utilities or energy consumption

• reductions in waste emissions, leading to reduced treatment or

disposal costs

• increased product sales revenue derived from increased production

capacity achieved as a by-product of fundamental technological

change.

However, the related capital costs and any operating cost penalties must also

be identified and weighed up in the investment proposal.

Capital funds for investing in modification to process plants have to be

found from available sources. Capital resources within companies are often

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com
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limited and must be allocated carefully and responsibly. Even when capital

resources are available, the capital investment may not show satisfactory

profitability (or return on investment). Possible causes of unsatisfactory

profitability include

• finite economic life of the project under investment

• risks associated with the project, whether business or technology

related

• the discount rate applied to cash flows reflecting the cost of finance

for the project

• time required to shut down an operating plant for modifications,

commissioning and start-up; consequent loss of operation and

associated income

• time required to develop and prove a technology prior to investment

• costs of purchasing technology

• uncertainty in engineering for a movable target of progressively

tightening environmental legislation over the projected life of the

plant.

13.2 Investment Projects

Capital investment projects may be entirely new production ventures or

modifications to existing plants. Examples of possible projects include

• a new power station (large or small)

• a new plant to produce a new cleaner product

• a new plant using cleaner technology to produce an established

product

• provision of a waste heat boiler in an existing plant to recover heat

energy

• modification to an existing plant to treat an effluent stream.

All projects involve new capital expenditure and involve distinct time spans

for

• technology development or purchase

• project planning including selection of site, technology, plant size,

and investment timing

• plant design and construction

• plant commissioning and start-up

• plant operation.
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It is essential to have an understanding of these activities and their time

spans and of key contributions to capital and operating costs, revenues, and

project profitability.

13.3 Capital Requirements and Sources

Capital may be regarded as accumulated wealth. A company invests capital

in the expectation of greater wealth or well-being in the future. For process

industry projects, capital investment is required for the following.

• Land for the process plant and its essential environs. Investment
into land is recoverable, and unless the land is degraded, is non-
depreciating.

• Fixed capital into equipment, plant, and buildings represents

the major portion of capital investment into process industry

projects, and is essentially non-recoverable. Even though equipment
may be sold at the end of project life, the resulting capital

recovered from the sale is a very small proportion of the total initial

investment.

• Working capital is investment into inventories (or stocks) of

raw materials and products, essential to keep the plant operating
continuously and maintaining product supply to customers, as well

as the trading balance between debtors and creditors, essential to
keep a business operating. Since stocks can potentially be sold into

markets and debts and credits settled, working capital is essentially

recoverable.

There are two main sources of capital funds:

• equity including

� shareholders subscriptions

� retained earnings from profitable operations

• loan sources, for example

� banks

� superannuation funds.

Principal and interest must be paid on loans. Interest paid on loans is tax

deductible. Equity funds have value through opportunity cost (potential for

alternative investments), and shareholders expect a return on their funds.

Capital funds for most projects are a mix of equity and loan funds.
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13.4 Fixed Capital Costs

Fixed capital costs are incurred both for inside and outside battery limits

investment. The term ‘battery limits’ is commonly used to denote the

geographic boundary around the main processing plant. Inside battery limits
capital cost is the capital cost of the processing plant which is dependent on
its feedstock, product, manufacturing technology, and production capacity.

Outside battery limits capital costs (also sometimes termed ‘off-sites’ capital)
include three main categories:

• storage facilities for raw materials and products

• utilities generation plant, for example, steam boilers, cooling towers

• buildings (including warehouses, laboratories, workshops, offices).

The magnitude of outside battery limits costs depends on

• the means of moving process materials and products to and from

the site, often referred to as ‘logistics’, which influences the required

storage capacity for raw materials and products; for example,

infrequent shipping of materials can require extensive storage of

materials

• the means of utility supply, in particular whether the utility is

generated on site or purchased from an external source

• the extent, purpose and characteristics of buildings provided.

Plant and equipment costs are a function of plant production capacity,
process complexity, equipment design characteristics, and choice of con-

struction materials. Plant and equipment costs can ultimately be broken

down into costs of

• materials (steel, concrete, exoticmetals/alloys, refractories, etc.) and
• labour (to fabricate equipment, for piping and equipment installa-
tion, pouring foundations, designing and managing the project).

This breakdown is useful both in making and checking cost estimates.

13.4.1 Approximate Estimates of Plant

Costs can be estimated from historic costs (either achieved or estimated)

of plants having similar feedstock, product, and processing technology.

Allowance must be made for effects of
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• plant production capacity

• site location

• inflation of costs from the time of construction or previous estimate

to the time of the current estimate.

Capacity dependence
Capacity dependence is often expressed as the simplified relationship

I = kQ b (13.1)

where

I = capital investment (e.g., in $ million)

Q = plant production capacity (e.g., in tonnes of product per day)

k = proportionality factor

b = exponent

The value of exponent b typically approximates 0.5–0.6 for single stream
plants, and 0.8–0.9 for parallel stream plants. Single stream plants involve
one equipment item (e.g., 1 reactor, 1 distillation column) at each stage of

the process and achieve larger capacity by increased equipment sizes. Single

stream plants are adopted, for example, for most petroleum refinery units

and sulphuric acid plants. Parallel stream plants involve multiple equipment
items at each processing stage (e.g., 6 reactors, 8 filters, 5 dryers). They

reflect cases where the required capacity is too large for a single equipment

item to do the task, and are typical of many mineral processing plants such

as alumina refineries and aluminium smelters. Where plants adopt both

single and parallel stream processing within the overall plant (e.g., multiple

reactors with single stream product purification), the exponent lies between

the two extremes; the exponent can be weighted according to the relative

amounts of capital expended on single and parallel streamed plant.

Location
Plant costs depend on the cost of labour (including construction labour and

design, construction, and management overheads) and the cost of freighting

materials and equipment to site. Plant costs may also depend on climate and

terrain at the construction site; for example, designing for hurricanes will

require higher construction standards while some sites will be less prone

to flooding. Labour costs per person employed vary between countries, for

example, labour rates have been higher in the United States and Australia

than in India and Indonesia. Costs also vary for different locations within

a particular country; for example, remote sites (e.g., North West Australia)
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imply higher labour and freight costs. Labour productivity also influences

total cost of labour. Labour productivity varies between countries and over

time, and will reflect the skills of labour and management as well as site

working conditions.

Time
Plant cost inflation indices account for increases over time in labour,material,

and equipment costs incurred in building process plants. These indices

may be detailed in composition (e.g., Chemical Engineering Plant Cost

Index published in the US-based journal Chemical Engineering which is an
aggregate of many contributing costs appropriately weighted), or a simple

amalgamation of labour and materials cost indices. In Australia, detailed

composite indices have been unavailable so that simple two-component

indices based on Australian Bureau of Statistics (ABS) statistics must be

used. Average weekly earnings (for labour), and producer price index (for

materials) can be used with a 50% weighting for each. Note that plant costs

escalate at different rates to the consumer price index (CPI) which is a

composite index designed tomeasure the cost of living. The CPI encompasses

the cost of food, housing, travel, entertainment, health, education, and so on.

Plant cost indices for Australia estimated by the author from government

statistics are appended to this chapter.

13.4.2 Equipment Costs

Costs of specific equipment items, for example, pressure vessels, heat

exchangers, pumps, depend on

• capacity or size parameter, for example,

� volume for a vessel

� surface area for a heat exchanger

� volumetric flow rate and developed head for a pump

• design pressure and temperature

• materials of construction.

This dependence is widely used as a basis for equipment cost correla-

tions.

There are published data for equipment costs within design texts (e.g.,

Peters, Timmerhaus, & West, 2003; Sinnott & Towler, 2009) and also

within commercial computer packages. It is important to recognise that

the purchased cost of equipment, as well as dependent on equipment

design, depends on a range of business-related factors. These factors include
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the business climate at the time of purchase, the extent of the order

(discounts may apply for multiple items), profit margins of equipment

suppliers, and special client demands regarding delivery times, design or

fabricating standards. These influences lead to considerable scatter in data

for equipment costs; this scatter must be borne in mind when consulting

equipment data bases. Equipment cost data must also be adjusted for

inflation.

13.4.3 Contributions to Plant Costs

Plant costs include the cost of purchased equipment, but also the cost of

• site preparation, roads, drainage and associated civil works

• foundations and structures

• equipment installation

• any process buildings

• piping

• electrics

• instrumentation and

• overheads for design, construction, and project management.

The term ‘overheads’ is widely used to denote costs which are not restricted

to a particular cost category.

Plant costs are typically 3 to 4 times the total cost of purchased

equipment. The ratio of plant cost to purchased equipment cost is frequently
termed a ‘Lang’ factor (after Lang, who first observed the generalisation).
The direct plant cost, excluding overheads for design, construction, and
project management, is typically 2.7 times the purchased equipment costs.
Overheads for design, construction, and project management are typically

25%of the direct plant cost. Table 13.1 shows the results of a reviewof eleven

Australian oil and gas processing projects (Brennan & Golonka, 2002). The

ratio of standard deviation to average indicates the variability in the data for

the plants involved; note that the variability is much smaller for the cases of

direct plant cost and total project cost than for individual cost categories.

13.4.4 Estimating Fixed Capital Costs of Plants

Various approaches to estimating exist, but the extent of engineering
definition and the associated design work in the complete spectrum of plant

engineering (including chemical, mechanical, civil, electrical) has a strong

influence on the accuracy of the estimate.
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Table 13.1 Cost distribution for Australian oil and gas processing projects

(Brennan & Golonka, 2002)

Average Variability (expressed
relative Standard as standard

Cost category value deviation deviation average)

Total cost of purchased equipment 1 − 0

Equipment installation 0.19 0.06 0.32

Piping 0.60 0.19 0.31

Instrumentation 0.23 0.11 0.46

Electrical 0.14 0.08 0.58

Civil 0.22 0.1 0.47

Structural steel 0.14 0.09 0.61

Buildings 0.048 0.075 1.58

Insulation/ fireproofing 0.089 0.066 0.74

Painting 0.014 0.011 0.78

Direct plant cost 2.70 0.52 0.19

Engineering and project 0.25 0.065 0.26

management as factor

of direct plant cost

Total project cost 3.40 0.68 0.20

Note: Values may not sum precisely to totals shown due to rounding.

An early stage of a project is the feasibility study stage where a

promising project is defined and assessed to determine whether more

detailed appraisal is warranted. A later and pivotal stage of the project is

the authorisation (or sanction) stage where the project is assessed by the
board of directors (or their delegated authority for a small project) and a

decisionmadewhether to commit capital funds and proceedwith the project.

For the authorisation stage, a level of accuracy required is typically ±10%.
For this level of accuracy, process flow sheet, mass and energy balances,

equipment specifications, piping and instrumentation diagrams, plant layout,

and specifications for utilities and effluent treatment would be complete.

Much of the civil, electrical, and mechanical design for the plant would also

be complete.

For early project estimates, including those for alternative process

designs, factored approaches are widely used for both installed equipment

and for entire plants, derived from purchased equipment costs. Factors

derived from published data (e.g., from Table 13.1) can be used. In selecting

values of factors, it is important both to understand the scope of definition

of the relevant cost category, and to exercise judgement relevant to the

particular plant design.
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At individual equipment level or for small sections of plant, cost category

factors applied to the purchased cost of equipment depend on equipment

size and cost. An example of proposed factors for gas compressors based on

an IChemE approach (Gerrard, 2000) is provided in Brennan and Golonka

(2002).

13.5 Working Capital Costs

While stocks of raw materials and products influence both the fixed capital

costs of storage facilities and working capital, the magnitude of working

capital for a project is largely independent of fixed capital and should

be estimated from first principles. Working capital estimation should be

considered in the light of plant operating and business trading conditions,

and builds on operating cost estimation rather than fixed capital cost

estimation.

Working capital may be broken down into the following items:

• Raw material stock value, estimated as the quantity of stock

multiplied by its unit value. Raw materials are valued at their

purchased cost, inclusive of delivery to site.

• Value of material stocks held up within the process. This contribution
is normally minor for most chemical processes, but becomes

significant where intermediate materials within processes are

stored for quality validation.

• Value of product stocks, estimated as the quantity of stock multiplied
by its cash production cost, summed for each product.

• Trading balance between debtors and creditors.
� Debtors is another term for accounts receivable.

If finished products are paid for at the end of the month following

their delivery, the average indebtedness period is 6 weeks. The

value of each product is taken at its selling price.

� Creditors is another term for accounts payable. If raw

materials and utilities are paid for at the end of the month

following supply, the average period of credit is 6 weeks, with

each raw material or utility valued at their purchased price.

Differing periods for debtors and creditors can occur in business

operations with financial implications. Working capital estimation, supple-

mented by some worked examples, is discussed in more detail in Brennan

(1998).
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13.6 Operating Costs

Once a new ormodified plant becomes operational, it will incur costs distinct

from those incurred in the investment phase. These costs, termed operating

costs, will continue over the duration of the operating life of the plant. It is

important to define the scope of operating costs (or systemboundary applied)

which may encompass

• production (gate to gate)

• production inclusive of product distribution

• operation inclusive of all business costs, for example, incorporating

� research and development costs

� product selling expenses

� royalties (payments to technology providers)

� corporate administration, or the cost of managing the business.

13.6.1 Simplified Cost Model

A simple but useful model for gate to gate production cost in a process plant

is

C =
∑

(Rr)+
∑

(Eg)+ Mm
P

+ kI
P

+ [Packaging] (13.2)

where

C = production cost ($/t product)

R = raw materials consumption (t/t product)

r = unit cost of raw material ($/t raw material)

E = energy consumed (MJ/t product) or alternatively, utility consumption

(e.g., t steam/t product)

g = unit cost of energy ($/MJ) or utility (e.g., $/t steam)

M = number of persons employed

m = average cost per employee ($ per person/yr) including payroll

overheads

I = fixed capital investment ($)

k = factor to account for annual capital-dependent costs including

maintenance, insurance, depreciation

P = annual production rate (tonnes/yr)

Packaging (packages + packaging labour) may be an additional cost for

products requiring packaging as distinct from products sent to bulk storage.
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Capacity Utilisation U = P/Q , where Q = annual plant production

capacity, is a key determinant of profitability. Profitability is maximised as U
approaches a value of 1 (or 100%), that is, where the plant produces at a rate

approaching full production capacity. Capacity utilisation may be restricted

by

• limitations in market demand

• plant production limitations involving one or more of

� raw materials shortage

�malfunctioning plant or equipment

� plant downtime for maintenance

� strikes by operational workers.

13.6.2 Classification of Production Costs

Production costs may be classified according to

• variable or fixed (dependence on production rate)
• capacity (or scale) dependence
• marginal or incremental costs (incurred per increment of produc-
tion)

• cash costs (with depreciation costs excluded).

Variable and fixed production costs are classified according to dependence
on production rate. For a given plant, those costs expressed in $/year (as

distinct from $/tonne product) which vary with change in production rate

are termed variable while those costs in $/yr which are unaltered with

change in production rate are termed fixed. Costs of raw materials and

utilities are normally classified as variable. Personnel costs and capital-

dependent costs are normally classified as fixed. Note that these are broad

approximations which must be more closely examined in detailed cost

studies. For example, when some process plants operate below full capacity,

some economies in energy and raw materials per tonne of product can

be achieved. Again, when plants are shut down, some electricity will be

consumed for lighting and for certain essential plant functions, for example,

where refrigerated product storage is employed.

13.6.3 Estimation of Production Costs

Variable costs are estimated based on estimates of raw materials and

utilities consumptions and their respective unit costs. Consumptions are

based onmass and energy balance and flow sheet considerations. Additional
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allowances are made at the project evaluation phase for operational

inefficiencies and contingencies. In the case of utilities, these additional

allowances can amount to as much as 20% of flow-sheet-based estimates.

Fixed capital-dependent costs such as maintenance, insurance and

property taxes are estimated as percentages of fixed capital. Mid range

estimates are 4% to 6% formaintenance, 1% to 2% for insurance, and 2% for

property taxes. More detailed discussion of these costs, costs of personnel,

and costs of royalties, research and development, selling expenses, and

corporate administration are provided in Brennan (1998) and other process

economics texts.

13.6.4 Depreciation

Depreciation is an allowance for the erosion in value of an asset over its life.

For a process plant, the value of the fixed capital investment declines over its

life due to physical wear and economic influences. The economic life can be

determined by

• the life of a key resource or raw material supply

• product obsolescence or process obsolescence

• lack of competitiveness in scale or cost structure

• excessive maintenance costs

• excessive costs of compliance with tightening environmental legisla-

tion.

Depreciation is not an ‘out of pocket’ expense or a direct component of cash

flow, but an allowancemade by the company operating a process plant. It can

conveniently be calculated as an annual cost using the ‘straight line’ method,

by dividing the fixed capital cost of the plant by the operating life. Thus, for a

plant costing $100million and having an operating life of 10 years, the annual

depreciation cost will be $10 million.

Depreciation can be claimed as a tax depreciation allowance when

a company is paying corporate tax on its annual profits. Allowable tax

depreciation rates are set by government taxation authorities. Note that

these ratesmay differ from those used internally by companies, and can differ

from one country to another.

13.6.5 Capital Recovery

The cost of capital is normally accounted for in cash flow evaluations using

net present value (NPV) as an index of profitability.
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However, capital recovery can be considered an operating cost and

estimated using a capital recovery (CR) factor as a multiplier of capital

investment. The CR factor accounts for the annual cost of recovering a capital
investment over a life of n years where the interest cost of capital (on a real
basis and after tax) is i% per annum. The CR factor f thus accounts for both
the interest and principal repayment, and is defined as

f = i(1+ i)n

(1+ i)n − 1
(13.3)

Thus, for an interest cost i of 8%/annum and a life n of 15 yr, f = 0.117.

The value of i for a project depends on the source of the finance, the extent to
which loan and equity funds are used, and the perceived risk of the project.

Note that while accounting for CR costs may be useful in certain cases

within operating cost estimates, CR costs should not be included in operating
costs within cash flows, where the cash flows are discounted by the time value
of money.

13.6.6 Worked Example: Cost of Utilities Generation

Equation 13.2 can be used for estimating costs of manufacturing products

and also for costs of generating utilities. This example explores the operating

cost of cooling water utility.

A recirculated cooling water system comprises a cooling tower, cooling

water recirculation pumps, and associated reticulation piping (see Fig. 6.6.).

Evaporation, entrainment, and purge losses require amake-up of fresh water

of 3.75% of the circulating water flow rate. Given the following estimates of

cost and performance, make an approximate estimate of the cost of cooling

water per m3 of recirculated cooling water (cw).

Cost and performance estimates

Flow rate of recirculated water 0.65 m3/s

Fixed capital cost of cooling tower,recirculation

pumps and piping $4.0 million

Electricity consumption in water recirculation

and cooling tower fans 0.6 kWh/m3 cw

Unit cost of make-up water 90 cents/m3

Unit cost of electricity 7 cents/kWh

Solution
Cost of make-up water 0.0375× 90= 3.4

cents/m3 cw
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Electricity cost 0.6× 7= 4.2 cents/m3 cw

Annual cost of maintenance, insurance,

property taxes and depreciation

estimated in total at 16% fixed capital 0.16× 4.0= $0.64 million/yr

Assuming cooling water circulates

continuously for 365 days per year,

cost per m3 circulating water 0.64× 106×100/0.65
× 3600× 24×365
= 3.1 cents/m3 cw

Total cost of recirculated cooling water = 3.4+ 4.2+ 3.1

= 10.7 cents/m3 cw

This assessment excludes costs of operating labour, plant overhead

charges, and chemical or effluent treatment, which together are judged to

be a minor part of total costs. This simplified approach can be applied to

estimating costs of other utilities. The model can also be extended to explore

effects of capacity utilisation. If capacity utilisation were limited to 50%, for

example, due to seasonal feedstock supply to the process plant, fixed capital-

related costs per m3 cooling water would double to 6.2 cents/m3, bringing

the total cost to 13.8 cents/m3.

13.6.7 Environmental Management-Related Costs

Traditional approaches to operating cost estimation account for raw

materials, energy, personnel, and capital-related costs. These estimates may

exclude some costs associated with waste management or environmental

control. The US Environment Protection Agency (US EPA) has developed a

classification of costs to encourage a ‘total cost assessment’ where

Tier 0 — usual process plant costs

Tier 1 — hidden costs of monitoring, paperwork, permit requirements

Tier 2 — liability costs of penalties and fines, future liabilities

Tier 3 — costs derived from consumer responses, employee relations,

corporate image.

13.6.8 Cost Sheet Summary

Table 13.2 is an example of a simplified cost data sheet of estimated

production and operating costs. More details can be added as required

for different estimates, for example, to cover additional raw material and
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Table 13.2 Summary cost sheet for production or operating costs

Product
Plant capacity (t/yr)
Fixed capital IBL ($ million)

Fixed capital OBL ($ million) $ mill

Total fixed capital ($ million) $ mill
Production cost Annual cost Cost per

($ million) tonne $/t
Rawmaterials Unit usage Unit cost ($/t)

(t/t product)

Total rawmaterials cost
Utilities Unit usage Unit cost ($/unit)

(per t product)

Steam (t)

Cooling water (m3)

Electricity (MWh)

Effluent treatment

Total utilities cost
Total variable cost
Process labour Number Salary

Operators per shift

Number of shift teams

Total shift operators

Day operators

Process labour cost
Payroll overheads %Wages

% Fixed capital % Labour

Maintenance

Plant overheads

Insurance

Property taxes

Book depreciation

Total fixed cost
Total production cost
Corporate administration

Research, development

Selling expenses

Royalties

Total operating cost

utility costs, effluent treatment costs, hidden costs associated with wastes,

and further details of fixed or non-manufacturing costs. It is important

to summarise costs both as annual costs and costs per unit of production.
It is also important to provide a transparent summary of the key unit
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cost assumptions (for raw materials, utilities, and labour) and factors used

for estimating fixed costs or non-manufacturing costs; these factors are

commonly applied to fixed capital costs, labour costs, or sales revenue. The

operating cost summary sheet is an important working and communication

document for any investment concept, proposal, or project.

13.7 Revenue or Benefits Estimation

Projects may be driven by any one of several objectives. These include

markets for products, opportunities for reduced operating costs, improved

safety, or improved environmental performance.

In the case of markets for products, forecasts are needed for market

volume, the share of that volume which the project venture is seeking

to capture, and the selling price of the product. Sensitivity studies of

project profitability have consistently identified product selling price and

product sales volume as the two most influential variables in determining

profitability.

Demand for a process industry product depends on a complex mix of

factors including

• selling price

• product quality

• population and its prosperity as well as consumer behaviour

• extent of industrial development and the capability to further process

materials through the manufacturing chain

• competition from alternative products.

Products can be usefully classified according to market volume and

product differentiation (Brennan, 1998). Commodities are high-volume

products traded globally to the same specification and cover many of the

well-known intermediate chemicals like ethylene, caustic soda, and sulphuric

acid. Figure 13.1 shows the diffusion of ethylene into various end-use

products. Determining the market volume for ethylene, for example, would

require estimating the demand for its downstreamproducts.End-use analysis
is a quantitativemethod for estimatingmarket volume for a product in which

product end uses are identified and projected into the future.

Fine chemicals are undifferentiated but synthesised in rather smaller

volumes. Examples of fine chemicals include many pharmaceuticals and

food additive products. Specialty chemicals are low volume products but
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Figure 13.1 Common end uses for ethylene (Brennan, 1998). Reprinted with

permission of IChemE.

differentiated and developed for particular applications; examples include

catalysts and chemicals for boiler feedwater and cooling water treatment.

Selling price projections for products requires consideration of many

factors including whether the product is new or established, the extent

of competition, production cost projections, and potential for technological

change. These factors and useful data sources for price and market volume

projections are discussed in Brennan (1998).

In the case of investing for reduction in operating cost, careful

consideration of current and projected operating costs is required including

consultation with operating and maintenance staff. Any new investment in-

volving added equipment will necessarily involve incremental maintenance

and other fixed capital-related costs.

In the case of safety and environmental projects, the operating costs

resulting from the ‘no investment’ optionmust be considered aswell as those

for the proposed investment, as part of the project evaluation.

13.8 Engineering for a Movable Target

An additional complication arises in environmentally driven projects from

the horizon of progressively tighter emission limits. Is it better to just meet
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existing limits, or to meet anticipated future limits while incurring extra
cost? Here, the marginal capital and operating costs of achieving better

environmental performance levels become important. Cost implications of

mandatory future investment to meet more stringent regulations must also

be considered. Other benefits such as operating cost reduction may accrue

from investment and should be carefully evaluated. The case of meeting

regulatory sulphur levels in transport fuels is an example of engineering for

a moving target.

13.9 Profitability

Profitability is commonly assessed as return on investment, or annual profit

divided by capital investment expressed as a percentage per annum. For

detailed evaluations required of major investments, profitability is based on
cash flow projections over the life of the investment and accounts for the

time value of money.

What do we mean by cash flow?
Cash flow is the net flow of money into or out of a project (or a company)

over a given time period. The commonly used time period in economic

evaluation of projects is one year. Cash outflows (e.g., capital expenditure

on plant, expenditure on increased raw material stocks, tax payments) are

considered negative, while cash inflows (e.g., income after tax, recovery of

working capital at the end of the project life) are considered positive.

Depreciation is not a cash flow in itself or a component of cash flow

as discussed under 13.6.4. A tax depreciation allowance, however, is a

permissible deduction from income for tax assessment in most countries,

and as such influences the magnitude of tax payments, and hence of after

tax cash flows.

What do we mean by the time value of money?
Money has interest bearing capability. A fund of $100 today becomes $105

in 1 year’s time if the real interest rate is 5% per annum. Conversely, an

incoming payment of $105 occurring in 1 year’s time has a present value of

$100.

The present value (PV) of a future cash flow C t occurring in t years time
where the cost of money is i per annum is estimated as

PV = C t
(1+ i/100)t
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The NPV for the project is the sum of individual present values of all cash

flows summed over the life (k years) of the project.
Thus,

NPV =
t=k∑
t=0

C t
(1+ i/100)t

A positive NPV implies that a net cash benefit is obtained as a result of the

project; hence the project is profitable. The value of i for which the NPV is
zero is called the discounted cash flow rate of return (DCFR) or alternatively

the internal rate of return (IRR).

Profitability measures derived from cash flow projections are commonly

expressed in terms of

• net cash generated, accounting for the time value of money (NPV)

• rate of return (DCFR or IRR)

• payback time (time to recover capital investment).

Details of profitability assessment based on the time value of money are

provided in Brennan (1998) and other process economics texts. A simple

measure of profitability is

return on investment (ROI) = annual profit

total capital investment

where annual profit= sales revenue generated minus operating costs.

ROI is normally expressed as %/yr. Annual profit might be based on cash

flow, or may be based on operating costs which include depreciation. ROI

may be before or after tax. It is important to make these distinctions both
in specifying an estimated ROI and also interpreting ROI estimates made by
others.

Profitability is fundamental for business survival and exerts strong influence
on investment projects and related planning decisions (e.g., choice of

product, technology, manufacturing site). Profitability considerations can

constrain initiatives in waste treatment, cleaner production, and recycling

projects such as
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• treating SO2 emissions from sulphide ore smelters

• substitution of mercury cell chlorine plants with membrane cell

plants

• recycling of plastics, where costs and quality of recycled polymer

must be compared with costs and quality of virgin polymer

• converting waste into usable product.

13.10 Case Example

This case example is provided to illustrate the estimation and documentation

of operating costs, the estimation of working capital, the development of a

cash flow table, and profitability assessment based on the estimated cash

flows.

Problem. Amembrane cell chlor alkali plant of 300 tonnes chlorine per day

capacity has been proposed as part of a chemical industry redevelopment

scheme. For every tonne of chlorine produced, 1.12 tonnes of caustic soda

is also produced. The plant is to be operated continuously. The following

performance and costs have been estimated, the costs being expressed in

Australian $.

Performance and Cost Data

Plant capacity 300 tonnes chlorine per day

Fixed capital (spent
uniformly over 2 years)

Inside battery limits $130 million

Outside battery limits $40 million

Rawmaterials Consumption Unit cost $/t chlorine
Salt 1.7 t/t chlorine $30/t

Other chemicals 11

Utilities Consumption Unit cost

Electricity 3.0 MWh/t chlorine $70/MWh

Other utilities 4

Membranes 20

replacement
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Process labour Annual wage

per operator

Shift labour 4 operators per shift $70,000

Day labour 8 operators/day $50,000

Payroll overheads 40% of wages

Plant overheads 80% of process labour

costs (inclusive of

payroll overheads)

Annual cost of
maintenance,
insurance, property taxes 6.5% total fixed capital

Annual cost of corporate
administration, selling
expenses, research, and 1.5% of total fixed capital

development

The plant is to be constructed in 2012 and 2013 to commence production

in January 2014. Forecast annual sales volume for chlorine are 70,000 tonnes

in 2014 and 100,000 tonnes in 2015 and subsequent years until the end of

project life, assumed for December 2028. Anticipated selling price of caustic

soda is $450/tonne, and of chlorine is $430/tonne.

An electrochemical unit (ECU) comprises 1 tonne of chlorine and 1.12

tonne of caustic soda. On the basis of the cost and performance data provided,

estimate

(a) the cash operating cost per year, and per ECU

(b) the working capital requirements of the plant at 100,000 tonnes

chlorine per year output.

Assume for working capital requirements:

• salt stock equivalent to 1 month production

• caustic soda stock equivalent to 1 month production

• negligible chlorine stock and work in progress stock

• 6 weeks debtors; 1 month creditors.

On the basis of the data provided, estimate the cash flows after tax over

the anticipated life of the project. Assume that inflation will be negligible,

the corporate tax rate is 30% of taxable income, and that tax depreciation

allowance is straight line at 6.7% per annum of fixed capital until the plant is

fully depreciated. Assume that no investment allowance applies and that tax
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is paid in the same year inwhich the related income is generated. On the basis

of the estimated cash flows, and assuming the cost of capital for the project is

10% per annum, make an assessment of the project’s perceived profitability.

(Note that tax allowances and rates differ from one country to another, and

can also change over time with change in government policy for individual

countries.)

Solution
Sales revenue estimate

Revenue from sale of 1 ECU = 450× 1.12+ 430 = $934

Revenue at full plant output = 100,000× (1× 430+ 1.12× 450)

= $93.4million

Operating cost estimate
Operating costs are based on the data provided in the problem statement and

are summarised in Table 13.3.

Working capital estimate
Working capital is estimated from assumptions stated in problem and

derived from operating cost estimate

Period Cost ($ million) Cost ($ million)
Salt stock 1 month 1/12×5.1 0.43

Caustic soda stock 1 month 1/12× 47.03× 1.12/2.12 2.07

Debtors 6 weeks 6/52× 93.4 10.78

Creditors 1 month 29.6/12 −2.47
Total 10.81

The cash flow table (Table 13.4) summarises the fixed capital investment,

working capital investment, sales revenue, and operating costs over the life

of the project. From these estimates, the cash flow before tax is calculated.

The tax depreciation allowance during operational years is then claimed, the

tax payment calculated, and the resulting after tax cash flow calculated. The

cumulative cash flow after tax indicates the net cash position for the project

at various stages over the life of the project. Inflation has been ignored for the

purpose of simplification. Accounting for inflation in cash flow projections is

discussed in Brennan (1998).

Cash flow tables are conveniently constructed on spreadsheets. Financial

functions in the spreadsheet software enable the calculation of NPV or DCFR

(also termed the IRR). The NPV and DCFR calculations can be explored for
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Table 13.3 Operating cost summary sheet for chlor-alkali plant

Product Chlorine Caustic soda

Plant capacity t/yr 100,000

Fixed capital IBL $mill 130

Fixed capital OBL $mill 40

Total fixed capital $mill 170

Production cost Annual cost Cost per ECU
($ million) ($/ECU)

Rawmaterials Unit usage Unit cost

t/t product $/t

Salt 1.7 30 51

Chemicals 11

Total rawmaterials cost 62
Utilities Unit usage Unit cost

Per t product $/unit

Electricity (MWh) 3 70 210

Other 4

Total utilities cost 214
Membrane replacement 20
Total variable cost 29.6 296

Annual

Process labour Number Salary $/yr

Operators per shift 4

Number of shift teams 4

Total shift operators 16 70,000 1.12

Day operators 8 50,000 0.40

Process labour cost 1.52
Payroll overheads %wages 40 0.61

% fixed cap % Labour

Maintenance plus
Insurance plus

Property TAXES 6.5 11.05

Plant Overheads 80 1.70

Total fixed cost 14.88
Total production cost 44.48
Non-manufacturing %fixed cap

Corporate administration.

Research & development and 1.5 2.55
selling expenses

Total operating cost 47.03 470.30

different project life scenarios, and the NPV calculation for different discount

rate scenarios as desired.

The calculated cash flows in Table 13.4 indicate that the cumulative

cash flow after tax becomes positive in the sixth year of operation. The
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Table 13.4 Cash flow table for case example

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 . . . . 2028

Fixed capital −85 −85
Working capital −10.81 10.81

Sales volume ECU/yr 70,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000

Selling price $/ECU 934

Sales revenue 65.38 93.4 93.4 93.4 93.4 93.4 93.4 93.4 93.4

Variable costs 20.72 29.6 29.6 29.6 29.6 29.6 29.6 29.6 29.6

Fixed costs 17.43 17.43 17.43 17.43 17.43 17.43 17.43 17.43 17.43

Cash flow before tax 27.23 46.37 46.37 46.37 46.37 46.37 46.37 46.37 . . . . 46.37
Tax depreciation rate % 6.7

Tax dep’n allowance 11.39 11.39 11.39 11.39 11.39 11.39 11.39 11.39 11.39

Taxable income 15.84 34.98 34.98 34.98 34.98 34.98 34.98 34.98 34.98

Tax rate % 30

Tax payment 4.75 10.49 10.49 10.49 10.49 10.49 10.49 10.49 10.49

Cash flow after tax −85 −85 11.67 35.88 35.88 35.88 35.88 35.88 35.88 35.88 . . . . 46.69
Cumulative cash flow −85 −170 −158.33 −122.45 −86.57 −50.69 −14.81 21.07 56.95 92.83 . . . . 354.80
Discount factor 0.909 0.826 0.751 0.683 0.621 0.565 0.513 0.467 0.424 0.386 0.198

Discounted cash flow −77.27 −70.24 8.77 24.50 22.28 20.25 18.41 16.74 15.22 13.83 9.24

after tax

Cumulative discounted −77.27 −147.52 −138.75 −114.25 −91.97 −71.71 −53.30 −36.56 −21.35 −7.51 . . . . 61.97
cash flow after tax

Notes: All sums, cash flows are in $ million. Working capital assumed fully spent in year 2014 at start of production year and reclaimed in 2028 in final
production year.
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Table 13.5 Dependence of net present value on discount rate for case example

Discount rate 0 6 8 10 12 14 16 18 20

(%/yr)

Net present value 354.80 137.99 95.43 61.97 35.50 14.43 −2.42 −15.96 −26.89
($ million)

Discounted cash 15.7 15.7 15.7 15.7 15.7 15.7 15.7 15.7 15.7

flow rate of return

(%/yr)

cumulative discounted cash flow (or NPV) at the discount rate of 10% per

annum becomes positive in the ninth year of operation. While the project

is estimated to have a positive NPV, the duration of the payback time (both

in undiscounted and discounted terms) indicates that the project is only

marginally profitable. The dependence of NPV on discount rate is shown in

Table 13.5. The DCFR is 15.7%.

13.11 Economies of Scale

Scale has an important influence on both capital and operating costs, for both

plant and equipment.

For a plant, economies of scale exist when the capital investment per unit

of production capacity decreases with increasing production capacity. Scale

economies also exist when operating costs per tonne of product decrease

with increased production capacity. These scale economies encourage invest-

ment into larger capacities at both equipment and plant levels. Larger capaci-

ties of equipment can be achieved through physical size increase and through

technology improvement. Increase in capacity for a given physical size is

often referred to as intensification and is discussed further in Chapter 15.

A convenient basis for examining the effects of scale on production costs is

to consider production costs as the sum of rawmaterials, utilities, personnel,

and capital-dependent costs as indicated in Equation 13.2. Raw materials

consumption and utilities consumption per tonne of product are generally

independent of capacity; however, personnel employed per tonne of product

(M/QU) and capital-dependent costs per tonne of product (kI/QU) both

decrease with increased plant capacity for most cases.

The number of persons employed in a plant increases marginally with

larger plant capacity. The dependence of labour on plant capacity will be

larger for parallel stream plants than single stream plants reflecting the

greater numbers of process and maintenance labour required for a greater
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number of equipment items. Capital-dependent costs tend to follow a similar

dependence on capacity to that of capital investment.

For a set of plant capacity options for a particular technology where

the unit costs of raw materials, utilities, and personnel are assumed scale

invariant, variable costs (raw materials and utilities) per tonne of product

are essentially scale invariant while fixed costs (personnel and capital-

dependent costs) per tonne of product are scale dependent.

The dependence of production cost on capacity is then governed by

(a) the dependence of M and I on Q
(b) the cost structure, or the dominance of personnel and capital-

dependent costs in production cost.

Thus, we may have relatively steep or flat scale curves for production costs

for plants of different technologies and products reflecting different cost

structures. The effect of scale on production costs with examples of specific

technologies has been discussed in detail in the engineering and economics

literature, for example, by Brennan (1992).

Problem 5 at the conclusion of Part C explores the effects of scale on

electricity generation costs.

A case example for a chemical plant is now explored.

13.11.1 Case Example in Scale Economies

We explore the capital and operating costs for the chlorine plant case

(Section 13.10) previously explored but in this case having a capacity of

50,000 tonne/yr.

Fixed capital investment for the plant I = kQb

Assume b = 0.7 reflecting some mixed parallel stream (electrochemical

cells) and single stream (feed purification and product purification) plant

configuration.

Fixed capital IBL = 130× 0.50.7 = $80.0 million.

Assume fixed capital OBL is in the same proportion to IBL capital as for the

larger scale case. Then fixed capital OBL= (40/130)× 80= $24.6 million.

Total fixed capital= $104.6 million, showing a 20% increase in fixed capital

investment per unit of production capacity compared with the larger plant.

Considering operating costs, variable production costs can be assumed to
be the same as for the larger plant, that is, $296/ECU.
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Process labour requirement is estimated to be proportional to Q 0.5 reflect-

ing a degree of parallel streaming. Corresponding cost becomes 2.13× 0.50.5

= $1.51 million/yr inclusive of payroll overheads, equivalent to $30.2/ECU.

Plant overheads are estimated to achieve only minor savings for the smaller
plant, say 0.9× 1.70= $1.53 million/yr equivalent to $30.6/ECU

Capital-dependent costs are again estimated as 6.5% total fixed capital =
0.065× 104.6= $6.80 million/yr, equivalent to $136/ECU

Non-manufacturing costs are again estimated as 1.5% fixed capital= 0.015

× 104.6= $1.57 million/yr, equivalent to $31.4/ECU

Thus, total fixed costs are estimated as 30.2 + 30.6 + 136 + 31.4 =
$228/ECU

Total cash operating cost = $296 + $228 = $524.2/ECU showing an 11%

increase compared with the larger plant.

Note that the proportion of variable costs in operating costs has

decreased from 63% in the larger plant to 56% in the smaller plant. If we

were to consider a smaller plant again, say of 25,000 tonnes/year capacity,

the proportion of variable costs in total operating costs would decrease even

further. Thus, there are shifts in operating cost structurewith change in scale.

In larger capacity plants, especially for technologies where variable costs

are dominant, additional capital is often spent to improve raw materials and

energy efficiency to reduce variable costs, even at the expense of increasing

fixed operating costs. Thus, larger scale plants do not always mirror smaller

scale plants in terms of design detail.

It is also important to note that operating cost penalties for smaller

plants may be offset by potential benefits in unit costs of raw materials,

utilities and labour which may apply at a given location. Thus, apart from

the consideration of matching plant size to market opportunities, there are

cases where smaller plants can still be cost competitive with larger plants.

13.12 Environmental Externalities

The costs of environmental damage are borne by the community at large.

Because these costs fall outside the accounting framework of the ‘polluter’,

they are often called ‘external costs’ or ‘externalities’. Examples include costs

of damage caused by

• air pollution

� degradation of architectural buildings, structures, landscapes



August 24, 2012 12:57 PSP Book - 9in x 6in 13-David-Brennan-c13

292 Assessment of Costs and Economics

� deterioration of human health, for example, due to respiratory

problems

• water pollution

� loss of marine life and hence food

� loss of recreational value of a river or lake

• soil pollution

� costs of eventual remediation

� loss of biodiversity.

An important current example is the cost to the wider community

of global warming and associated climate change due to greenhouse gas

emissions. Many of the conditions attributed to climate change such as rising

sea levels and extremes of weather patterns including storms and drought,

have major ‘external cost’ implications. These costs fall into a number

of categories including preventive costs such as costs of infrastructure to

withstand or adapt to extreme weather patterns, loss of land suitable for

housing near coastlines, increased insurance premiums, repairs to damaged

property, and reduced productivity of agricultural land.

13.12.1 Estimating External Environmental Costs

Various proposals have been made for estimating external environmental

costs. Contingent valuation techniques, for example, try to assess people’s
willingness to pay for environmental amenities using a survey technique.

While there are difficulties in estimating external costs due to pollution, it

is clear that these costs can bemajor and are not directly borne by those who

inflict them.

The cost of damage caused by pollution frompower stations is an example

of external costs of electricity generation. A major concern is climate change,

but impacts on human health and crop damage are also important. Some

estimates of marginal damage costs for emissions varies considerably with

European Environment Agency (2007) reporting a range of 19 to 80 EUR/t

CO2 for CO2 emissions. Some unit damage costs reported by Keoleian and

Spitzley (2006) and drawn from earlier publications for utility generation in

mid-western United States are shown in Table 13.5. Keoleian and Spitzley

stress that a wide range of values are reported for such unit damage costs.

Landfill disposal is another example of an activity involving externalities.
Leakage of landfill gas from old landfill sites has in some cases affected

nearby residents, causing temporary evacuation from homes. Xu (1998) has

estimated external costs of landfill (Table 13.6).
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Table 13.6 Estimates of unit damage costs for common electricity utility

emissions (Keoleian & Spitzley, 2006)

Pollutant Unit damage cost (US$)

CO2 $30/t carbon

Lead $1965/t

Nitrogen oxides $218/t

Particulates $2624/t

Sulphur oxides $84/t

Table 13.7 Estimates of external costs for landfill (Xu, 1998)

Total NPV Annual equivalent Unit cost
Cost element $ million Cost $/year $/t waste

Waste haulage

a. air pollution 0.10 8,500 0.09

b. traffic accident 0.19 15,700 0.17

Site disamenity 4.54 380,000 4.22

Risk of leachate 0.52 43,400 0.48

LFG emissions

a. CO2 1.24 104,300 1.16

b. CH4 3.05 255,100 2.83

Total cost 9.64 807,000 8.95

Note: Costs are in Australian $ 1998.

13.12.2 Emission Taxes and Emission Trading Schemes

Apart from measures to limit emissions by regulatory control, much interest

has focused recently on the potential for use of emission taxes and emission

trading schemes. This is particularly so in the context of reducing greenhouse

gas emissions. Emission charges and trading schemes are discussed further

in the context of economic instruments in Chapter 15 under government

legislation. Problem 5 at the conclusion of Part C explores the effect of a

carbon tax on electricity generation costs for power stations using different

fuels, power generation cycles, and scales.

13.13 Life Cycle Costs of Projects

Life cycle costs account for the full cost of a project over its entire life. For a

process plant this includes costs incurred in the planning and design phase,

plant construction, the operating life of the plant, and the decommissioning

and dismantling of the plant (including any site rehabilitation). The
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operating phase of the plant will include operation, maintenance, and any

modifications to improve capacity or performance. Decommissioning will

include dismantling and disposal of plant and equipment, and any site

remediation required.

Estimation of capital investment and operating costs have been discussed

in this chapter. Costs of planning and design are increased where unforeseen

delays and difficulties are encountered. Decommissioning costs depend on

the technology and site and can be extensive in some cases, for example, large

mining projects, waste disposal sites, and nuclear power stations.

13.14 Conclusions

Economic evaluation encompasses fixed capital and working capital esti-

mation, operating cost estimates, market evaluation and its implications

for revenue estimation, and profitability assessment. The key principles

underpinning such estimates have been outlined and discussed. These

various estimates draw on design, operational, and commercial expertise

and are typically generated by different personnel with distinct skill and

experience profiles.

Economic evaluation over the life of a future project involves projections

and estimates into the future with attendant risks. These aspects are

discussed further in Chapter 16 in the context of the development and

assessment of projects.
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Appendix 1. Estimates of plant cost inflation indices for Australia 1982–2008

Financial Materials Producer Average weekly Plant cost Consumer
year June price index price index earnings index price index

1981 —— approx —— —— 100.0

1982 125.4 283.75 100.0 110.4

1983 139.6 324.15 112.8 123.1

1984 147.3 349.45 120.3 131.6

1985 155.5 376.08 128.2 137.2

1986 167.9 399.48 137.3 148.7

1987 180.9 427.98 147.5 162.6

1988 196.8 454.48 158.6 174.5

1989 214.9 487.30 171.6 187.3

1990 231.9 520.95 184.3 202.3

1991 243.7 555.40 195.1 213.0

1992 245.2 580.75 200.2 217.0

1993 245.7 591.08 202.0 219.2

1994 249.2 608.78 206.5 223.5

1995 255.9 634.00 213.6 230.7

1996 261.2 662.43 220.6 232.9

1997 262.4 688.23 225.4 236.0

1998 264.7 716.65 231.0 236.0

1999 266.9 100.0 743.68 236.3 238.9

2000 269.2 768.55 241.3 244.6

2001 269.9 808.57 247.9 259.3

2002 275.0 853.57 257.1 266.8

2003 286.4 897.40 269.0 275.0

2004 289 952.83 278.7 281.4

2005 300.7 116 1008.10 292.4 288.2

2006 120 1032.00 300.9 299.2

2007 124 1091.03 314.5 304.4

2008 131 1131.40 329.2 317.4

2009 129 1201.10 336.8 312.5

2010 132.5 1256.70 349.1 321.0

Notes:TheAustralian plant cost index has been estimated based on a 50%weighting of the price

index for materials used in building other than house building, and a 50% weighting of average

weekly earnings (ordinary-time earnings for full- time adults). The materials price index and

average weekly earnings have been averaged over the stipulated time periods. The Australian

Consumer Price Index for the period 1981 to 2008 is included for comparison. ABS has ceased

publishing the materials price index for buildings other than houses but published a producer

price index (similar data) from 2000.
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Chapter 14

Sustainability Assessment

14.1 Introduction

Sustainability assessment involvesmany perspectives but three key steps can

be identified. Firstly, there is the integration of economic, environmental, and
social assessments and the assurance that adequate levels of performance

in all three criteria are met. Secondly, there is the projection into the future
to ensure that standards in economic, environmental, and social criteria do

not deteriorate over future time horizons; this involves postulating a number

of scenarios against which proposed projects or plans (or lack of them) can

be examined. Thirdly, there is the establishment of sustainability indicators

which enable quantification of performance and progress over time.

14.2 Common Threads in Enviro-Economic Assessment

Enviro-economic assessment, or the integration of environmental and

economic assessments, is an important aspect of the overall integration

process. It is important to note some important common threads in

environmental and economic assessment. For chemical processes, raw
materials and utilities consumptions per tonne of product provide key inputs
for both environmental and economic assessment. In economic assessment,
consumptions are multiplied by unit costs of raw materials and utilities

to determine variable costs for the process, as outlined in Chapter 13.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com
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In environmental assessment, utilities consumptions are further defined in
terms of inputs, mainly fuel and water, to become part of the life cycle

inventory, as outlined in Chapters 10 and 11. Process raw materials make

up the other part of the life cycle inventory for inputs. In environmental

assessment, emissions from utilities generation and process effluents make
up the outputs of the life cycle inventory. Life cycle inventory imply resource
depletion impacts for inputs, and a spectrum of damage impacts for outputs.

In certain cases, there may be cost allocations for process and utility

emissions, either as effluent treatment costs or taxes on certain emissions,
for example, carbon dioxide.

Figure 14.1 shows inputs and outputs for a process where a main

feedstock is upgraded into a saleable product. The inputs and outputs

have both economic and environmental consequences. The specific case

of diesel hydrotreating was considered in Chapter 11 as a case example

in life cycle assessment. Figure 11.5 showed life cycle inventory data

for the hydrotreating process, where diesel is upgraded by treatment

with hydrogen to remove sulphur. The inventory data includes input and

output data for both process and utility streams, providing a basis for

both environmental impact assessment and operating cost estimation.

Consumptions of hydrogen and utilities enable estimation of costs for these

inputs; if applicable, carbon dioxide taxes or emissions treatment costs could

also be applied to the defined emissions.

Economic and environmental values

MAIN FEEDSTOCK

INPUTS OUTPUTS

STCUDORP-YBWAR
MATERIALS

PROCESS
EFFLUENTS

YTILITU 
SNOISSIME

UTILITIES
,RETAW ,LEU[F

] SLACIMEHC

PROCESS

MAIN PRODUCT

Figure 14.1 Economic and environmental inputs and outputs for a process.
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14.3 Cost Benefit Approach to Enviro-Economic Assessment

Traditionally, economic assessment of a process industry project has been

over project life on a cash flow basis, accounting for capital expenditure,

sales revenue, operating costs, taxation, and the cost of capital. This approach

has been outlined in Chapter 13. In public expenditure projects, cost

benefit analysis has been more widely used to assess benefits to society

in conjunction with costs. Cost benefit analysis can be usefully applied to

environmentally driven initiatives such as cleaner transport fuels, where

benefits in human and environmental health are achieved but with increased

costs in petroleum refining. Cost benefit analysis also has a useful role in

enviro-economic assessment when making process engineering decisions.

Such decisions may be directed towards improving a particular process

under study, towards selecting alternative processes, or evaluating a new

process or product initiative.

When evaluating process engineering decisions, trade-offs can occur in

economic criteria between capital and operating costs, in environmental

criteria between one environmental impact and another, and across criteria

between costs and environmental performance. It is important to identify

and if possible quantify benefits and burdens, whether economic or

environmental, to aid decision making and resolve trade-offs. A simple

checklist for identification of benefits, burdens and trade-offs is shown

in Table 14.1. For both economic and environmental assessment, system

definition incorporates thewhole product life cycle. However, the cost benefit

approach is applicable to any segment of the product life cycle, including an

individual process plant.

Table 14.1 Checklist for identification of

benefits, burdens, and trade-offs

Case X

Definition and brief explanation of design option
Environmental benefits
Environmental burdens
Economic benefits
Economic burdens
Trade-offs
Economic

Environmental

Environmental vs economic
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14.4 Quantifying Benefits and Burdens

Economic benefits and burdens can be quantified as sales revenues, capital

costs, operating costs, cash flows and net present values. Environmental

benefits and burdens can be quantified as environmental impact potentials

using life cycle assessment methodology; inventory data can be used as the

basis for providing raw or normalised scores in relevant impact categories.

The sumof normalised scores can also be used in conjunctionwith individual

impact scores as an approximate indicator of overall impact potential.

Economic and environmental measures can be left in their respective

units. In some studies, monetary values have been assigned to emissions or

impact categories, enabling enviro-economic assessment within a financial

model. Cases include power generation industries, for example, within the

Europe-based ExternE project as reported in Chapter 13. Such values are

inherently approximate and often subjective, but highlight an increased

recognition of the need to identify and internalise external costs for

incorporation into decision making. While monetary values have been

postulated for impacts resulting from emissions, published estimates for

resource depletion impacts are rare.

14.5 Case Examples in Enviro-Economic Assessment

We now examine some process industry cases where economic and

environmental benefits and burdens have been identified and quantified.

14.5.1 Case 1: Sulphuric Acid Manufacture

This case involves a single process plant (micro scale in industrial ecology

terminology). The process has been discussed in Chapter 4 in conjunction

with a simplified flow sheet based on sulphur feedstock, which is oxidised

completely to sulphur dioxide. Subsequent conversion of sulphur dioxide to

sulphuric acid depends on the reversible oxidation to sulphur trioxide

SO2 + 0.5O2 ←→ SO3 �H = −98.5 kJ/mol
followed by the absorption of sulphur trioxide in water (within a 98%w/w

sulphuric acid solution)

SO3 + H2O → H2SO4 �H = −130.4 kJ/mol
Exhaust gases from the final SO3 absorption column contain SO2, resulting

from the reversible nature of the SO2 oxidation reaction.
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In the evolution of sulphuric acid manufacturing technology, SO2
emissions have been minimised using two basic strategies:

1. Increasing the number of reaction stages.

2. Providing an intermediate stage of SO3 absorption to push the

equilibrium reaction to the right in later reaction stages. Absorption

occurs at a lower temperature than reaction, requiring heat exchange

between the reactor and intermediate absorption column.

The first strategy requires incremental capital for additional reaction

stages and additional gas cooling between reaction stages, and incurs

additional energy to overcome the increased gas pressure drop through the

added equipment.

The second strategy requires incremental capital for an additional

absorption column and associated heat exchangers, and incurs additional

energy consumption due to increased gas pressure drop.

In both strategies, operating costs increase due to increased energy

consumption and increased maintenance derived from added equipment.

Using benefit and burden analysis

Environmental benefits of the two strategies

• Reduced SO2 emissions to atmosphere implying reductions in

acidification potential and toxicity

Environmental burdens of the strategies

• Increased energy consumption due to increased pressure drop

through additional reactor stages, absorption column, heat exchange

equipment, and piping. This implies increase in global warming

potential and resource depletion where energy is derived from fossil

fuel.

Economic benefits

• Small increase in acid production and related sales revenue

Economic burdens

• Increased capital cost through provision of increased equipment and

piping

• Increased operating cost through increased utilities cost, mainte-

nance cost, and other capital dependent costs
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Trade-offs

Economic: Increased sales revenue versus increased capital and operating
costs

Environmental: Reduced acidification and toxicity versus increased global
warming and resource depletion

Enviro versus economic: Reduction in net environmental impact versus

increased capital and operating costs.

Figure 14.2 shows the relationship between operating costs and environ-

mental impact for a range of design options in the manufacture of sulphuric

acid from metallurgical smelter gases (Golonka & Brennan, 1997). An

environmental index has been calculated as the sum of normalised impacts

for acidification and global warming determined using life cycle assessment

methodology. Normalisation has been carried out using Australian data for

acidification, and global warming. Operating costs approximate 2009 US$.

14.5.2 Case 2: Product Improvement through Hydrotreating of
Diesel

This case involving sulphur reduction in diesel was discussed in the context

of life cycle assessment in Chapter 11. Figure 11.5 showed inventory data

for a hydrotreater unit where the sulphur reduction occurs. The case has

elements of micro (individual plants), meso (integrated petroleum refinery

units), and macro scales (refining, distribution, and combustion of the

diesel). Reduced sulphur content of diesel benefits the environment through

reduced SO2 emissions from transport vehicles. The extended processing

system (Fig. 11.4) comprises a hydrotreater, hydrogen production, H2S

recovery, and sulphur production unit supported by utility systems.

Hydrogen may be available as a by-product from a catalytic reformer unit

in the refinery, or from a dedicated hydrogen plant typically using steam

reforming of natural gas.

Using benefit and burden analysis

Environmental benefits

• Reduced sulphur content of diesel, leading to reduced SO2 emissions

in combustion and hence reductions in acidification potential and

toxicity

• Other benefits from combustion of cleaner diesel
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with permission from IChemE.
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Environmental burdens

• Increased hydrocarbon emissions (predominantly fugitive) due to

increased refinery processing, leading to increase in photochemical

smog

• Increased energy consumption (predominantly through utility con-

sumption) in processing, leading to increased global warming

potential and increased resource depletion, assuming energy is

derived from fossil fuel

The environmental benefits←→burdenbalance depends on the sulphur
content of straight run diesel fed to hydrotreater. Feedstocks with lower

sulphur contents while involving less sulphur removal to achieve the

required diesel quality, still involve large energy consumption in processing.

Economic burdens

• Increased capital and operating costs. The hydrotreating step is a

major capital cost and operating cost burden. Utilities consumptions

are major contributors to operating costs

Trade-offs

• Environmental: Reduced impacts in diesel combustion versus increased
impacts in diesel processing

• Enviro versus economic: Reduced impacts in diesel combustion versus
increased capital and operating costs.

Figures 14.3 and 14.4 show plots of capital costs and operating costs

incurred versus environmental impact score, calculated as the sum of

normalised scores for contributing impact categories. Main contributing

environmental impacts are energy depletion, and photochemical oxidant,

global warming, and acidification potentials. Capital costs are based on plant

capacity equivalents for processing 5 million bbl/yr of straight run gas oil.

Costs approximate US$2009. These plots show the hydrotreater as the dom-

inant contributor to cost (capital and operating) as well as to environmental

impact. The sulphur recovery plant shows a negligible environmental impact

because of the credit given to energy recovery on that plant.

14.5.3 Case 3: Power Generation from Fossil Fuels: CCGT-NG
versus ST-Br Coal

We examine the case of an electricity generation plant using natural gas

combined cycle gas turbine (CCGT-NG) compared to one using brown coal
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Figure 14.3 Capital cost versus normalised environmental score — H2 from

dedicated plant (Burgess & Brennan, 2001). Reproduced with permission from

Elsevier.
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Figure 14.4 Operating cost versus normalised environmental score — H2 from

dedicated plant (Burgess & Brennan, 2001). Reproduced with permission from

Elsevier.

steam turbine (ST-BrC) in Australia. The environmental benefits of the

natural gas power station are reduced emissions in almost all emission

species and particularly carbon dioxide, see Table 11.1 in Chapter 11. The

economic benefits of the natural gas power station are reduced capital and



August 24, 2012 10:54 PSP Book - 9in x 6in 14-David-Brennan-c14

306 Sustainability Assessment

fixed operating costs (May & Brennan, 2006). The burdens of the natural gas

power station are mainly increased fuel price; however, this cost burden is

reduced relative to the ST-BrC case if carbon taxes are applied.

Economic benefits of CCGT-NG versus ST-BrC power generation

• Lower capital cost

• Shorter construction time, enabling more rapid response to capacity

demand changes

• Higher ratio of variable to fixed operating costs enabling viability of

smaller scale power stations

• Gas power station can be located away from the fuel resource while

brown coal power station must be at the source of the resource due

to the high moisture content of the brown coal. This has advantages

for gas power station in terms of potential access to

� electricity consumers

� CO2 sequestration site (if applicable)

�water sources for cooling, boiler water feed, other demands.

Economic burdens of CCGT-NG versus ST-BrC power generation

• Natural gas is more expensive than brown coal. Brown coal in

this case has a high (>50% w/w) moisture content, effectively

conferring a zero opportunity cost since coal transport costs would

be prohibitively high.

Environmental benefits of CCGT-NG versus ST-BrC power generation

• Reduced emissions per MWh for most environmentally harmful

species

• Reduced fuel consumption per MWh

• Lower global warming potential per MWh.

Environmental burdens of CCGT-NG versus ST-BrC

• More rapid resource depletion rate (proven reserves of brown coal

exceed those of natural gas in Australia)

• Increased emissions of hydrocarbons.

Trade-offs for CCGT-NG versus ST-BrC

• Environmental: Reduced global warming, acidification potential and
other impacts versus increased resource depletion for the gas option
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• Economic: Reduced capital costs versus increased operating costs,
derived from fuel costs, for the gas option.

The relativity in operating costs is modified when a carbon tax is applied,

favouring the CCGT-NG plant. A Aust$40/t CO2 tax increases the operating

cost of power by 36% for the CCGT-NG plant, but by 80% for the ST-BrC plant.

The carbon tax also reduces the scale penalty for smaller power stations,

the penalty reduction being greater for more capital intensive brown coal

plant. For a Aust$40/t CO2 tax, the operating cost scale penalty incurred by

changing from a 1000 MW to 500 MW power station is reduced from 19.3%

(without tax) to 10.6% (with tax) for the ST-BrC plant; the corresponding

reduction for the CCGT-NG plant is from 8.2% (without tax) to 6.0% (with

tax).

The comparison of the two systems can be extended to include flue

gas treatment for CO2 capture, pipeline transport, and sequestration. In

this case, global warming potential is reduced due to CO2 sequestration,

but resource depletion increases due to increased energy consumed in CO2
capture and compression, assuming this energy is provided by the power

station generating the flue gas.

14.6 Environmental Effects of Scale of Production

Reductions in capital costs per unit of production capacity can be achieved

through larger scale plants. Reductions in operating costs per tonne of

product, as well as profitability improvements can also be achieved through

larger scale plants, provided markets for products and plant capacity

utilisation can be sustained. Scale economies were discussed in Chapter 13.

In contrast to economics, the effect of production scale on environmental

performance has had less scrutiny. Impact category scores in LCA method-

ology are reported per functional unit; thus, global warming potential is

reported in tonnes equivalent of carbon dioxide per tonne of product. Thus,

we might conclude that environmental burdens are proportional to plant

production rate and are larger for larger plant capacities. There are aspects

which need closer examination, however.

The first aspect is where fugitive emissions are dominant in life cycle

inventories. This has often been true of hydrocarbon emissions in petroleum

refineries. For single-stream plants, although larger capacity plantsmay have

marginally larger seals and valves, the increased leakage from such sources

is likely to be substantially less than the corresponding increase in plant
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capacity. For parallel streamed plants, however, the number of emission

points will be substantially increased for larger capacity plants leading to the

potential for increased fugitive emissions. Thus, the dependence of fugitive

emission inventories on plant scale may be weak for single-stream plants but
strong for parallel streamed plants.

The second aspect relates to the potential for larger capacity plants,

because of their lower capital and fixed operating costs per tonne of product,

to invest additional capital in initiatives to reduce emissions. Such initiatives

could involve feedstock purification, waste reduction at source, recycling,

increased process integration, or additional effluent treatment.

The third aspect relates to the potential for increased production to result

in increased emissions to the point where acceptable threshold limits in

the quality of local air, water, or land are exceeded. These limits would

correspond to more local impacts such as acidification or photochemical

smog rather than global impacts such as global warming or ozone layer

depletion. Other effects could include depletion of a locally available resource

or impacts on local water receiving systems. Similar concerns occur where

process plants are added to a complex (mineral, hydrocarbon, or chemical

processing) on a given site.

The fourth aspect relates to the possibility that regulatory authoritiesmay

demand lower emissions per unit of product for larger capacity plants to

maintain quality standards for air, water, or land in the vicinity of the plant.

Thus, we can conclude that the effects of plant scale options on

environmental impacts demand rather closer scrutiny than they have

received thus far.

14.7 Sustainability Assessment and Sustainability Metrics

Sustainability assessment covers the complete spectrum of economic,

environmental, and social criteria.

Sets of indicators have been proposed to quantify sustainability impacts.

Indicator sets are typically flexible, allowing indicators to be added or

removed as appropriate for a particular case. Standard sets of indicators

for industrial systems have been suggested (e.g., Azapagic & Perdan, 2000;

Global Reporting Initiative, 2002; Institution of Chemical Engineers, 2002)

although no system is universally accepted at this stage. Sustainability

reporting by operating companies is discussed in Chapter 18 in the context

of operations.
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Considering the case of the IChemE 2002 metrics, the sustainability

indicators are presented in three groups: environmental, economic, and

social. Environmental indicators are listed under resource usage (covering

energy, materials, water, and land), and emissions, effluents, and waste.

Emissions, effluents, and waste are then further classified as atmospheric,

aquatic, and land impacts. These impacts are expressed in units of tonnes of

equivalent species for the specific damage category per unit of value added

(e.g., global warming potential in tonnes/yr CO2 equivalent per unit of added

value).

Economic indicators are classified into groups as Group 1 (profit, value,

and tax) and Group 2 (investments). Value added, included in the economic

indicators, is the difference in value between sold products and thematerials

purchased to make those products. Capital inclusive value added is a similar

measure to value added, but incorporates an allowance for incurred capital

expenditure.

Social indicators are classified into those relating to the workplace

(encompassing employment, and health and safety) and those relating to

society. Society indicators include extent of meeting with external stake

holders, indirect benefit to the community, number of complaints, and

number of legal actions, all per unit of value added.

As demonstrated in Chapter 12, a critical component of the social criteria,

particularly relevant to the process industries, is human safety. Ensuring

human safety in the process industries depends on a wide range of factors

encompassing the technology employed and achievement of standards over

the life cycle of a given process plant in design, construction, operation,

maintenance, and final decommissioning. Safety is also a key concern within

the life cycle of a product, from resource extraction through to product use

and final disposal.

14.7.1 Case Study on Sustainability of Electricity Generation

A study on sustainability of electricity generation from Australian fossil

fuels (May & Brennan, 2006) used a range of sustainability indicators listed

in Table 14.2. Employment and safety related indicators were selected as

social indicators because they were relatively easy to quantify. The study

included power cycles based on brown coal, black coal and natural gas.

Export of Australian black coal and LNG to Japan for power generation in

Japan were considered as additional cases. System boundary (Fig. 14.5)

incorporated fuel extraction, fuel transport to power station, generation of

power, and transmission of electricity to point of use. Note that system
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Figure 14.5 Electricity supply system based on fossil fuels (May & Brennan, 2006).

Shaded areas indicate inclusion (grey = all impacts, spotted = economic impacts

only). Reproduced with permission from IChemE.

boundary considerations were judged to be slightly different for economic

and environmental assessments, reflecting the relative importance of sub-

system contributions for each criterion. Table 14.2 lists the values of

normalised sustainability indicators obtained from the study.

In this study, no one fuel or technology system was found superior or

inferior for every indicator. However, generalisations could be made: natural

gas combined cycle system had advantages for most environmental and

economic indicators, brown coal had an advantage in terms of value added,

and black coal has a relatively poor safety performance derived from coal

mining activities. Further details of the sustainability indicators and their

evaluation are available in May and Brennan (2006).

14.8 Perception and Assessment of Risk

Risk assessment is established as a key aspect of both technical safety

(see Chapter 12) and economic analysis of projects (see Chapter 13). In

economic evaluation of investment projects, profitability is assessed from

forecast cash flows over project life. Inbuilt into these forecast cash flows

are forecasts of capital expenditures, sales volumes, selling prices, plant

performance parameters, and a wide spectrum of unit costs. Risk of one or

more of these forecasts falling below expectation is examined by sensitivity

analysis and risk assessment. In sensitivity analysis, the effect of deviations
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Table 14.2 Normalised sustainability indicators for power generation systems (May and

Brennan, 2006). Reproduced with permission from IChemE)

Indicators adopted Units BrC-ST BlC-ST IGCC-BrC IGCC-BlC CCGT-NG

Environmental
Resource depletion yr/MWh× 10−9 0.00458 0.0192 0.00605 0.0134 0.0986

Climate change yr/MWh× 10−9 2.54 2.22 1.57 1.43 0.959

Acidification yr/MWh× 10−9 0.904 1.93 0.694 0.0493 0.120

Nutrification yr/MWh× 10−9 0.635 1.27 0.0709 0.0758 0.290

Photochemical smog yr/MWh× 10−9 0.150 0.318 0.106 0.0195 0.0994

Solid waste yr/MWh× 10−9 1.03 4.12 0.644 2.97 0.0007

Economic
Value added yr/MWh× 10−10 3.38 2.52 3.24 2.98 2.7

Annualised cost yr/MWh× 10−11 4.34 6.26 3.02 3.78 3.24

Capital investment yr/MWh× 10−8 9.81 10.0 5.59 6.03 4.03

Capital inclusive yr/MWh× 10−10 1.98 0.745 2.91 2.91 2.60

value added

Social
Direct employees yr/MWh× 10−11 0.415 0.899 0.324 0.641 0.474

Indirect employees yr/MWh× 10−11 2.37 5.03 1.69 3.41 2.91

Lost time injuries yr/MWh× 10−11 0.259 3.35 0.201 1.96 0.449

Fatalities yr/MWh× 10−11 0.211 2.73 0.211 1.56 0.855

Notes: Values for normalised indicators have units of impact per MWh of electricity delivered per unit
of impact in Australia per annum. Further information and data on impact scores prior to normalisation,

contributions to impact scores from subsystems, data used for normalisation, and details of data sources can

be found in May (2004) and May and Brennan (2006).
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from forecast inputs is examined. The resultant NPV can be calculated and

probabilities of such deviations incorporated to make an assessment of risk

for the project. Such risks are generally termed business risks and can be

approached systematically at the investment stage of a project.

A separate financial risk occurs where the cumulative cash flow for a

project reaches such negative proportions, that a company has difficulty in

meeting its interest and loan repayment commitments on borrowed capital

to the point where the company’s financial survival is threatened.

Unforeseen environmental damage can also result from deviations from

expectations. A range of abnormal eventswas examined in Chapter 9 in terms

of departures from design or flow sheet conditions in process plants, as well

as in mining and extraction of raw materials, and transport and storage of

materials. Cases of environmental damage resulting from major industrial

accidents were cited in Chapter 12.

Failure to consult adequately with stakeholders can also result in less

favourable project outcomes, or delays and obstacles in implementing

projects. Sharratt and Chong (2002) discuss the roles of a range of

stakeholder groups in capital investment decisions with emphasis on

environmental risks.

Stakeholder groups identified by Sharratt and Chong as having key

interests in the early stages of capital investment are

• employees and management

• shareholders

• lenders

• the national government and local authorities

• the public (including local residents, environmental pressure groups,

and the general public).

The roles and perceptions of these various groups have been discussed

by Sharratt and Chong in the context of a PVC manufacturing case

study.

Current examples of conflict between stakeholders requiring resolution

exist in the exploration and proposed extraction of coal seam methane

gas in Queensland, Australia. There is conflict between advantages of

tapping a valuable resource which would supplement natural gas, and

the impact on traditional landowners with predominantly agricultural

interests in terms of property rights infringement, potential leaks from

gas wells, water contamination, and a range of environmental and safety

issues.
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14.9 Scenario Analysis

Scenario analysis can be used as an extension of sensitivity analysis in

economic evaluation of projects, where the impact of various future events

and time dependent trends can be explored. These might include, for

example,

• difficulties in plant construction or commissioning delaying product

sales realisation

• erosion in product selling price (in real terms) over time due to

decline in technological competitiveness

• changes in currency exchange rates or government policy on

taxation.

Scenario analysis can also be explored in terms of environmental and

sustainability outcomes. Darton (2003) has explored the scenario planning

technique in the context of future energy supply sources and associated

emissions and atmospheric concentrations of CO2. Darton argues the

scenario planning technique provides an important opportunity to test

current planning and policy decisions against possible future conditions.

A further role for scenario analysis is in exploring the effects of progres-

sive tightening of environmental legislation or progressive increase in cost of

emissions, for example, through a carbon tax. The effects of such changes for

current operating plants and proposed projects could be explored.

14.10 Concluding Remarks

Sustainability assessment involves the evaluation of economic, environmen-

tal, and social credentials of existing practices and proposed improvements

to processes and products. In the process industries, safety evaluation is

an essential aspect of addressing social credentials. The assessments of

these multiple criteria must be integrated in decision making. A systematic

approach to integrating economic and environmental assessment has been

discussed. This approach involves identifying and quantifying economic and

environmental benefits and burdens of alternative processes, new initiatives,

and incremental improvements. The approach has been illustrated for the

cases of sulphuric acid manufacture, diesel desulphurisation and electric

power generation. In making changes to existing technologies and practices,

there is a spectrum of risks due to unforeseen outcomes which must be

explored and evaluated.
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Sustainability assessment is an integral part of implementing sustain-

ability within the planning, design, and operations activities of the process

industries. The application of sustainability assessment in these contexts is

discussed in Chapters 15, 16 and 17.
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1. Life Cycle Assessment — Electricity Generation in Australia

Much of the electric power generated for industrial use is obtained from

black coal using steam and power cycles. The composition of a black coal

supplied to a power station is given as follows:

10.0 wt% water

16.7 wt % ash

0.5 wt % sulphur

60.0 wt % carbon

8.0 wt% oxygen

3.6 wt% hydrogen

1.2 wt % nitrogen

The efficiency of power generation, defined as the ratio of power generated

to fuel energy consumed, may be taken as 36%, corresponding to a heating

value of 24 GJ per tonne coal.

(a) Calculate the consumption of coal and the emissions of carbon dioxide

and sulphur dioxide in the power station per MWh of electricity

generated. Assume no flue gas desulphurisation is performed in the

power station.

(b) Place the resources consumed and gaseous wastes generated in the

combustion of black coal in the appropriate impact categories under life

cycle assessment classification.

(c) If the emissions of nitrogen oxides from fuel and thermal sources

amount to 2.2 kg of NOx per MWh of electricity generated, calculate the

normalised impact score for acidification potential derived from oxides

of sulphur and nitrogen, including its units.

(d) Identify the main contributions to water consumption and waste water

generation in the steam and power cycles.
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(e) In taking a life cycle view of 1 MWh of electricity generated at the power

station and delivered to an industrial consumer, identify stages of the life

cycle which should be considered beyond generation.

(f) Explain what is meant by the term ‘external costs’ or externalities. Give

examples of externalities derived from environmental impacts in power

generation from black coal.

(g) Identify the major sustainability concerns regarding electricity genera-

tion from black coal, giving your reasons.

2. Life Cycle Assessment: Natural Gas Purification Plant

A purification plant is proposed for a natural gas field located in Victoria,

Australia. The gas field has a negligible amount of hydrocarbons present in

the liquid phase. A Life Cycle Assessment study has resulted in an estimate

of the inventory data for the proposed plant. The inventory data account for

the process, subdivided into flares and vents, as well as for utilities used on

the plant (mainly electricity and hot and cold utilities). Inventory data are

expressed in kg per GJ of sales gas produced. Some sour water streams are

also anticipated, but can be neglected for the purpose of this exercise.

Inventory Data
Input
Coal: 0.88

Water: 7.4

Natural gas: 1.73

Output Process Flares Process Vents Utilities
Methane 0.051

Non methane hydrocarbons 0.018

Carbon dioxide 16.7 1.04 7.31

Sulphur dioxide 0.0046 0.0092

Nitrogen oxides as NOx 0.0060 0.010

Hydrogen sulphide 0.0004

Ash 0.14

Further Data
A. Estimates of world reserves (tonnes)

Coal: 2.10× 1012

Water: 4.00× 1013

Natural gas: 7.80× 1010
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B. Equivalency factors for Life Cycle Assessment classification
Methane compared with carbon dioxide for global warming potential may be

taken as 21.

NOx compared with SO2 for acidification may be taken as 0.7

H2S compared with SO2 for acidification may be taken as 1.88

C. Estimates of Australian consumption or generation

Coal consumption 1.91× 108 tonnes/yr

Natural gas consumption 1.49× 107 tonnes /yr

Water consumption 1.46× 1010 tonnes/yr

Solid waste generation 6.60× 108 tonnes/yr

Global warming 4.03× 108 tonnes of CO2 equivalent per year

Acidification 2.94× 106 tonnes of SO2 equivalent per year

(a) Use the data provided and the classification and normalisation pro-

cedures of life cycle assessment methodology to calculate normalised
impact scores for the following environmental impact categories. Give the
units for each normalised score:

(i) resource depletion

(ii) global warming potential

(iii) acidification potential.

(b) What conclusions can be drawn from the normalised impact scores

calculated in part (a)?

(c) List two additional impact categories towhich some inventory data could

be classified. For each impact category, nominate the molecular species

contributing to that impact.

(d) Outline some key considerations necessary in arriving at a reliable

estimate of the inventory data at the design stage of a gas purification

plant of this type.

(e) List two additional wastes you would expect from the operation of

a natural gas purification plant which are not accounted for in the

inventory data provided. Identify the sources of these wastes.

(f) The natural gas from the field is intended for supply to a power

generation plant located in the adjoining state of South Australia. In

accounting for environmental impacts of gas supplied to the power

station gate, what additional systems other than the purification plant

should be considered? Provide a simple diagram and give reasons to

support your answer.

(g) In the event of such a gas field having considerably larger quantities

of hydrocarbon liquids in the gas, nominate two bases which could
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be considered for apportioning environmental burdens between the

product gas and the product liquid streams. Briefly explain the merits

or otherwise of each basis.

3. Sea Water Desalination

Due to shortages of good quality fresh water in many cities, towns, and

remote industrial sites, interest has grown in the potential for sea water

desalination as a source of fresh water. Initiatives to build new desalination

plants have caused controversy, not only because of impacts at proposed

sites, but also in relation to costs and energy requirements. In this problem,

we consider a proposed desalination plant near Wonthaggi, Victoria for

supplying fresh water to Melbourne. The plant uses reverse osmosis

technology. Some preliminary cost and performance estimates are given in

an executive summary of a seawater desalination feasibility study by GHD

P/L and Melbourne Water.

(a) Capital Cost Estimation
An estimate of the fixed capital cost of the project for a proposed plant of

150 Gl/yr capacity was estimated at $3.1 billion (in 2007 $ Australian).

Of this total cost, the cost of the treatment plant for converting sea

water to fresh water was $1.16 billion (2007 $ Australian). Other

components of the project cost included intake and outfall tunnels for

the plant, transfer pipelines for desalinated water, and construction and

management costs. For the treatment plant,

(i) nominate the main equipment item categories you would expect

(ii) estimate the total purchased cost of the equipment items.

(b) Energy requirements

(i) Energy is required for both the treatment and transport of water.

The power requirements for the 150 Gl capacity plant was estimated

at 90 MW. Make an approximate estimate in kWh/m3 of the total

power requirements for the proposed Victorian plant. Compare this

estimate with published performance data for the Larnaca plant in

Cyprus.

(c) Operating cost estimation

(i) Prepare an operating cost sheet for desalinated water based on

energy and capital dependent costs. Include in the cost sheet columns

for
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• cost category

• consumption of energy

• unit costs of energy (assume $80/MWh)

• basis for estimation of fixed operating costs

• annual cost

• cost per m3 desalinated water.

(ii) What additional operating costs might be incurred beyond the

energy and capital related costs estimated in (i)?

(d) Economic viability
Based on your capital and operating cost estimates, estimate a minimum

viable selling price for water delivered to consumers. Present your

calculations and assumptions concisely.

(e) Wastes
Make a list of the major wastes, other than those related to energy

consumption, which would result from the plant’s operation.

(f) Technology
Give a concise explanation of the principles of the reverse osmosis

technology. What alternative technology to reverse osmosis is available

for desalination plants? Underwhat circumstancesmight this alternative

technology be preferred to reverse osmosis?

References
GHD and Melbourne Water (June 2007) Seawater Desalination Feasibility Study,

Executive Summary. http://www.melbournewater.com.au/content/library/

current projects/water supply/seawater desalination plant/feasibility study/

Desalination plant Feasibility Study Executive Summary.pdf

Koutsakos, E. (2008) Thirsting for chemical engineers, The Chemical Engineer, June,
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Larnaca Sea Water Reverse Osmosis (SWRO) Plant, Cyprus http://www.water-
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4. PVC Production: Water Consumption and Carbon Dioxide
Emissions over Cradle to Gate Life Cycle

Consider the cradle to gate portion of the product life cycle for PVCwhere the

‘gate product’ is rigid PVC despatched from a PVC factory prior to conversion
to plastic products. For the main process steps in the cradle to gate life cycle,
obtain literature data for rawmaterials and utilities consumptions per tonne
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of product for both PVC and upstream intermediate products. Hence make a

quantitative estimate of

(a) the consumption of water per tonne of PVC product

(b) the emission of carbon dioxide per tonne of PVC product for the cradle to

gate life cycle.

Where possible, account separately for the water consumptions and CO2
emissions derived from

(i) process sources

(ii) utility sources.

Useful Information Sources
Kirk and Othmer (1994) Encyclopaedia of Chemical Technology, 4th edn, Wiley, New

York.

Section 11.2 in Chapter 11 titled ‘Life cycle inventories for common utilities’.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

5. Sustainability of Electricity Generation

(a) From the inventory data provided in Table 1 below, compare the

fuel resources consumed and the wastes generated for the following

technology and fuel systems used for electric power generation:

(i) Steam turbine— Brown coal: ST-BrC
(ii) Combined cycle gas turbine— natural gas: CCGT-NG

Calculate fuel consumption and CO2 emissions per MWh generated for

each system, and compare your calculated values with the data in Table

1.

(b) Use the fuel consumption, gaseous emission and solid waste data in

Table 1 to estimate

(i) environmental impact scores

(ii) normalised environmental impact scores (using Australian data) for

the various categories of environmental damage resulting.

(c) Use the estimates of capital and fuel costs given below to estimate the

operating cost in $/MWh of delivered electricity for power stations of

500 MW and 1000 MW capacity for the BrC-ST, CCGT-NG systems

(i) with zero carbon tax

(ii) with a carbon tax of $40/tonne CO2 emitted.
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Table 1. Inventory of inputs and outputs for extended electricity supply systems

(adapted fromMay & Brennan, 2002)

System ST-BrC ST-BlC OCGT-NG IGCC-BrC IGCC-BlC CCGT-NG CCGT-LNG

Inputs
Main fuel 1464 467 303 754 261 159 178

Limestone 35.7

Outputs
Solids

Ash 21.8 87.3 6.8 26.7

Gases

CO2 1209 1023 825 740 660 445 535

CH4 0.007 1.65 0.979 0.340 0.974 0.478 1.28

NMVOC 0.022 0.024 0.048 0.011 0.012 0.174 0.475

N2O 0.018 0.009 0.006 0.011 0.012 0.010 0.014

NOx 1.68 3.36 2.83 0.187 0.200 0.767 1.29

CO 0.223 0.142 0.685 0.211 0.167 0.096 0.228

SO2 1.91 4.17 0.045 1.93 0.059 0.026 0.100

Particulates 0.493 0.548 0.285 0.022 0.038 0.037 0.063

Notes
1. Units are in kg/MWh delivered

2. Flue gas scrubbing has been assumed for IGCC-BlC

3. The system nomenclature adopted is as follows

ST-BrC Steam turbine using brown coal

ST-BlC Steam turbine using black coal

OCGT-NG Open cycle gas turbine using natural gas

IGCC-BrC Integrated gasification combined cycle using brown coal

IGCC-BlC Integrated gasification combined cycle using black coal

CCGT-NG Combined cycle gas turbine using natural gas CCGT-LNG Combined cycle gas turbine

using liquefied natural gas

What are the main effects of the carbon tax on the costs of power generated?

Assume for all cases

• 30-year operating life

• fuel costs account for all variable costs

• annual fixed operating cash costs (excluding loan repayment) of 5%fixed

capital

• real cost of capital (or discount rate) of 5% per annum

Capital costs (2008 $ Australian) for 1000 MW power station:

Brown coal — steam turbine $3.8 billion

CCGT natural gas $1.31 billion
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Fuel costs delivered to power station (2008 $ Australian):

$7/tonne brown coal

$4/GJ natural gas.

Reference
May, J. R., and Brennan, D. J. (2004) Life cycle assessment of Australian fossil fuel

energy options, Trans IChemE, 81(Part B), 317–330, 2003, and p. 81, 2004.
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Chapter 15

Planning for Sustainable Process Industries

15.1 Introduction

Systematic planning is essential for achieving improved sustainability.

Planning is necessary at many levels in industry, spanning research and

development for new technologies, further development of established

process technologies, design and construction, plant operations, and a range

of related business activities. Planning for sustainability encompasses many

divergent activities. Aspects such as adequate funds, time, personnel and

technology, future demand patterns, trends in population and economic

development, government policy on economic incentives and taxation,

as well as environmental regulation must all be considered. Planning is

also necessary at government level in developing improved regulatory

frameworks and in providing incentives and support for sustainability

initiatives in industrial, commercial, and domestic activities.

15.2 Forecasting

Forecasting is an integral part of industry planning. Market forecasting for

product demand and price is essential to guide revenue estimation and plant

sizing decisions for projects.Market volume formany commodity products is,

in turn, influenced by population size and the economic well-being of poten-

tial customers; hence forecasting population growth and economic growth

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com
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becomes important. Technical performance, environmental performance,

and selling price are key aspects in placing a product in its competitive

niche. Technology forecasting is essential not only to guide the selection of

process technologies in new projects but also to assess the competitiveness

of technologies already employed by an industry.

Sigmoid (or S-shaped) curves of performance against time have been

widely used for modelling both market growth and technology performance.

Sigmoid curves are also a useful qualitative basis for representing the life

cycle of a process technology, incorporating initiation, growth, and maturity

phases.

Technology performance indicators include dominant parameters spe-

cific to a technology such as technical efficiencies, but also maximum

available capacity of equipment or plant, as well as productivity performance

in the key areas of raw materials and energy consumption, personnel

employed, and capital investment per tonne of product.

15.3 Scenario Development

Projects involving process plant investment are developed based on best

estimates of markets, technology performance, capital and operating costs,

and project life. However, since the project life extends some 20 or 30

years beyond the time of evaluation, it is important to explore deviations

from these estimates and their impacts on project viability. There are

many possible deviations from estimates arising from acts of competitors,

initiatives from other industries, technological change, discoveries of new

raw material sources, reduced availability of raw materials, decline in

raw material quality, tighter regulatory control on emissions, changes in

government policy on tax, higher prices for utilities, and so on. To explore

these possibilities it is necessary to postulate scenarios and explore the

performance of the proposed project in the light of these scenarios.

Such scenario development is essential in the process industries not

only for new projects, but also in all aspects of business planning including

technology development, raw material sourcing, utilities supply contracts,

waste disposal, and employee resources. Scenario development is also a

key part of exploring environmental, safety, and sustainability outcomes, as

discussed in Chapters 12 and 14.

Scenario development is likewise important for governments in ensuring

infrastructure, water and energy supply, landfill provisions, transport facili-

ties, and availability of skilled labour and professionals. Governments must
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also consider scenarios of population growth and industry development in

relation to future emissions and ensuring the quality of air, water, and land

and the wellbeing of communities.

15.4 Technology Innovation

Technology improvement in processes, products, equipment, and plant is

essential to ensure business competitiveness. Improvement is necessary to

meet the spectrum of criteria we have considered in Chapters 10 to 14.

A great deal of focus in the process industries has recently been given

to catalysis, nanotechnology, biotechnology, improved materials, and novel

reactors such as microwave and ultrasonic, but there is continued need for

improvement in all aspects of process technology.

In the context of population growth, improvement in resource efficiency

and emissions over the life cycle of products is essential to sustain or improve

environmental performance. Some specific aspects of technology innovation

relevant to the process industries are now explored.

15.4.1 Intensification

Intensification has been actively pursued, especially over the last 30 years,

as a means of making major improvements in technology. For equipment,

intensification means an increase in capacity for a given equipment size,

or conversely a decrease in physical size for a given duty. The smaller

physical size offers benefits in space, weight, and capital cost (with savings

in materials requirements, foundations, installation labour) and reduced

inventories of process materials. Reduced inventories offer benefits in

inherent safety where hazardous materials are involved. Intensification of

equipment is especially important in the context of off-shore oil and gas

processing.

Process intensification often stems from reactor improvements in

yield and selectivity; product outputs are increased, raw materials con-

sumptions per tonne of product are reduced, and capacity requirements

for downstream separation and materials recycling are reduced. Other

process intensification examples include reducing batch times, converting

batch processes to continuous processes, and reducing the number of

overall processing steps. An example of process step reduction is catalytic

distillation where a heterogeneous catalytic reaction is combined with

distillation in a single column.
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Intensification is achieved through changes in technology. Much of recent

research has focused on micro mixing studies in reactors, and use of

centrifugal force in reaction, mass transfer, and heat transfer equipment.

There has been continuing interest and activity in design of more compact

heat exchangers (Wadekar, 2000) as well as gas–liquid contacting columns,

for example, through the use of structured packing.

15.4.2 Technology Diffusion

Opportunities exist for advances in one scientific discipline to be applied in

other scientific disciplines. Advances in materials technology, for example,

have lead tomajor improvements in a number of process technologies during

their evolution. Some instances of this are as follows:

Process technology Materials developments
Caustic/chlorine titanium, polymers, reinforced

polymers, membranes

Ethylene and improved alloys permitting higher

vinyl chloride monomer temperatures in reactors

Hydrotreating and catalytic progressive improvements in catalysts

cracking units in refineries

15.4.3 Technology Evolution

The evolution of technology incurs research and development effort, time,

and investment to reach a point where commercialisation can occur.

Even then, further scale development and performance improvement at

process plant level is usually required to make the technology competitive.

Performance development is commonly modelled as an S-shaped curve

comprising three phases:

• initiation, involving long periods to achieve commercialisation, tech-

nical uncertainty and uncertainty regarding commercial potential

• rapid growth, typified by scale development to achieve scale related

economies in capital and operating costs

• maturity, where rate of cost reduction and scale development

declines markedly; competition may also emerge from newer,

superior technologies.
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15.4.4 Rates of Change

Rates of change in performance for process technologies have generally

been reported as equivalent exponential rates. These are approximations

but serve as useful indicators of progress. Performance parameters reported

include productivities in raw materials consumption, energy consumption,

personnel employed, fixed capital, and production cost, as well as maximum

available plant capacity. Some early performance data for two technologies

reviewed in Chapter 4 are listed in Table 15.1 (Brennan, 1987, 1988).

Different rates of progress often reflect introduction of new technology

within the main process technology. Decline in capital productivity in

the 1970s resulted from plateauing of plant scale development, as well

as incremental capital expenditures to reduce feedstock and energy

consumption, maximise by-product recovery, and improve reliability, safety,

and environmental standards.

Table 15.1 Performance improvement over time in new plants employing best

available technology, expressed as equivalent exponential rates of change (%/yr)

Technology Chlorine/caustic soda Ethylene from steam
Mercury cell cracking of naphtha

Performance parameter Improvement rate %/yr Improvement rate %/yr
Maximum available 1940–1975: 8.7 1950–1970: 13.0

plant capacity 1970–1985: 0.0 1970–1985: 1.2

t product per day (tpd)

Rawmaterials consumption 1940–1980: 0.0 1950–1970: 1.9

t per t product 1970–1985: 1.2

Energy consumption 1900–1975: 0.0 1950–1960: 1.0

MWh or MJ per t product 1975–1980: 3.6 1960–1985: 4.6

Personnel employed 1940–1975: 8.0 1950–1969: 9.0

per tpd product 1975–1980: 2.0 1969–1985: 1.4

Fixed capital productivity 1940–1972: 5.6 1950–1966: 7.5

(t product/yr$) 1972–1980:−7.2 1966–1985:−7.4
Total production cost 1940–1950: 3.3 1950–1960: 2.5

productivity 1950–1960: 3.0 1960–1970: 2.2

(t product/$) 1960–1970: 3.2 1970–1980: 0.9

1970–1980: 0.0

15.5 Transition to Renewable Feedstocks

Increasing consumption of fossil fuels and traditional raw materials

for process industries and their products has given rise to concerns
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over resource depletion. Processing of mineral ores to metals provides

opportunities for recycling metals after their use in various product or

construction applications. However, once fossil fuels are combusted, there is

very limited opportunity to recycle flue gas components. In the light of these

concerns there has been increasing interest in the further development of

processes, products, and fuels based on renewable resources.

The term biomass has been defined by Moens (2006) as comprising all

plant materials such as wood and its wastes, herbaceous and aquatic plants,

agricultural crops and their processing residues, and most of the organic

portion of municipal wastes. The main chemical components of biomass

are cellulose, hemicellulose, and lignin, which are collectively referred to as

‘lignocellulose’. The composition of biomass is complex and may vary with

agricultural practices, for example, in segregating different plant components

in harvesting.

Biomass has an important role in the natural carbon cycle. Solar energy

is used to chemically combine atmospheric carbon dioxide with water in

soil to generate plant polymers which have potential for conversion to

fuels and chemical feedstocks. Thus, biomass production acts as a sink for

atmospheric carbon dioxide while providing a potentially valuable resource.

Biomass can be converted to distinct plant products by separation processes,

to gas by microbial digestion or gasification, to liquid fuels by pyrolysis, to

sugars as intermediate feedstock for ethanol, and to glycerides by extraction.

Biomass has also been identified as a potential source of natural fibres for

construction materials.

Increasing interest has focussed on the concept of biorefineries for the

integrated processing of biomass to produce chemicals, fibres, food products,

fuels, and energy. A comprehensive review of renewable feedstocks and

the nature and structure of potential biorefineries is provided by Moens

(2006). A number of demonstration and commercial biorefineries have been

constructed in the United States (http://www1.eere.energy.gov/biomass/

integrated biorefineries.html).

There are challenges in technology in developing conversion processes

and increasing their efficiency, and in ability to handle varying feedstock

compositions as well as optimising the economic value of outputs. There

are challenges in matching the seasonal harvesting of biomass to market

demands for processed products. There are also sustainability challenges in

land management to ensure that priorities in relation to food supply, energy

sources, and process feedstocks are resolved.

A transition from reliance on abiotic resources to the efficient use of

renewable feedstocks will take time, investment, scientific and engineering

skills, and perseverance.
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15.6 Site Selection for Process Plants

Dominant commercial driving forces for site location of process plants are

access to both markets for products and feedstocks to minimise costs of

transport and distribution. However, in most cases, only one of these criteria

can be satisfied. There are industries where choice of plant location is

resource dominated, and industries where it is market dominated.

Examples of resource located industries include the petrochemical

industries based on the oil and gas supplies and the salt deposits of

the Middle East. Methane (from natural gas) can be burned to generate

steam and electricity, and can also be used as a raw material for making

hydrogen, ammonia, and methanol; ethane (from natural gas) can be used

as a feedstock for ethylene. Both methane and ethane can be priced cheaply,

since they are by-products of a predominantly oil production industry; both

gases have often been flared in the past. Ammonia, methanol, and ethylene

are all raw materials for making a wide range of downstream chemical

products. These downstream products can be made on a sufficiently large

scale to enable a profitable export industry.

Likewise, the fertiliser industry can be usefully located near deposits

of phosphate rock, for example, in Florida, USA, and Jordan in the Middle

East. After mining and beneficiation, the phosphate rock can be processed

on a large scale to phosphoric acid and downstream derivatives such as

ammoniumphosphates and triple superphosphate. These products aremade

on a large scale supported by large rock reserves, and then exported. The

economic and environmental burdens are more favourable for higher value-

added products than for basic raw materials; transport costs become a

smaller proportion of product values and transport of low-value impurities

is avoided.

Some national process industries, for example, those of Japan, have very

little indigenous raw material but have a large, sophisticated industrial

market locally, supported by a large and confined population. Through

innovation and locally developed technology, supported by good industrial

planning and management, the disadvantage of higher raw material costs

are offset to enable a highly competitive industry capable of servicing both

local and export markets. While raw materials must be imported incurring

transport costs, Japan as a dominant world consumer of raw materials

can source supplies in large quantities as a competitive, well-organised

purchaser.

Large, well-integrated sites can offer a newly added plant, as well as

the established plants, cheap feedstock, cheap utilities, and other benefits

derived from large scale and an established industrial infrastructure. Access
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to shipping through port facilities is a key location advantage, and is

usually part of the infrastructure of an established site. One example is in

Belgium, where approximately 20,000 vessels from 70 nations enter the

Antwerp port each year carrying some 100 million tonnes of freight, mainly

crude oil, foodstuffs, raw materials for the chemical industry, mineral ores,

and manufactured goods such as vehicles. Storage tanks with a combined

capacity in excess of 10 million m3 hold oil and oil-based products.

Site location affects plant capital costs. Remote sites incur capital

cost penalties in plant construction because of increased freight costs

for equipment and materials to the site, and the costs of attracting and

accommodating the necessary workforce. Cost penalties may be incurred

at some sites due to steep terrain or severe weather conditions. Many

plants located at rawmaterial sources suffer such isolation and geographical

disadvantages.

Some sites are more prone to environmental problems than others. This

may be related, for example, to the sensitivity of the landscape (e.g., forest

or desert) to certain emissions, or lack of space for solid waste disposal.

There are also more stringent government environmental regulations in

some countries than others, as well as the effects of different background

pollution levels in certain regions, including highly populated cities.

The full spectrum of operating costs including materials transport can

depend on location. Location influences the costs of employing personnel

DECISION

SITING A CHEMICAL PLANT

Access to:
Markets

Feedstocks
Industrial infrastructure

Utilities
Port facilities
Suitable land

Other 

Figure 15.1 Important considerations in siting a chemical plant.
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for operations. Raw materials and utilities costs can be sensitive to location

reflecting the availability and quality of key resources, as well as scale of

supply or generation.

Scale of process plants can be influenced by location. Larger scale plants

are usually feasible where there is abundant feedstock supply, and on a

large integrated complex, where an upstream plant supplies intermediate

chemicals to several downstream plants.

Superimposed on any natural advantages of industries and their national

economies are the various government policies relating to business and

industry. Many governments are prepared to offer tax concessions to

encourage industry development.

Ultimately, a location decision for a plant is decided by weighing up many

factors, with some key aspects depicted in Fig. 15.1.

15.7 Integration of Process Plants and Process Industries

The structure of a process industry can be defined, in part, according to

the linkages between component plants, and the material and energy flows

between the plants. Process plants can be integrated on the one site offering a

range of economic, safety, and environmental advantages. Plants on different

sites can also be linked to improve the industry ecology as discussed in

Chapter 3. The principles of industrial ecology should be integrated with site

location decisions as part of industrial planning.

Van Beers, Corder, Bossilkov, and van Berkel (2007) have identified

drivers, barriers, and ‘triggers’ for regional synergies based on studies

of industrial development at Kwinana (Western Australia) and Gladsone

(Queensland) in Australia. The drivers, barriers and triggers have been

explored under the categories of

• economics

• information availability

• corporate citizenship and business strategy

• region specific issues

• regulation

• technical issues.

Some potential barriers derive from safety implications and operating

complications of transferring process and energy streams between different

operating sites, and the possibility of intermittent stream flows with

variations in flow rate and composition.
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Industry structure can also be characterised according to the ownership,

capital financing, and management of the component plants. In this context,

industries can be integrated both horizontally and vertically. Companies can
integrate horizontally by increasing the number of similar operations —

for example, the union of multiple ethylene manufacturing plants or the

union of multiple dairy processing centres. The main purpose of horizontal

integration is to achieve business economies of scale.

Companies can be integrated vertically to become involved in upstream
or downstream business activities. Vertical integration in manufacturing can

be

• downstream (or forward) towards increased control of its markets

• upstream (backward) towards increased control of its rawmaterials

supplies.

Thus, an ethylene producer can integrate downstream by acquiring a vinyl

chloride monomer plant. A PVC manufacturing plant could integrate both

downstream into PVC pipe fabrication and upstream into vinyl chloride

monomer manufacture. Regular review of the extent of integration and its

merits is an essential part of business planning.

15.8 Distributed Manufacture

Benson and Ponton (1993) in their pioneering paper on process minia-

turisation argued for smaller scale manufacture of hazardous chemicals

at their point of use, rather than large-scale centralized production with

subsequent transport. Such transport often involves large inventories of

hazardous materials being moved through urban roadways and population

centres. Transport requiresmaterials storage at product despatch and arrival

points to correspond with the batch nature of the transport. There are risks

of loss of containment in such transport and storage, exacerbated by the

magnitude of inventories involved.

Key characteristics envisaged by Benson and Ponton for miniaturised

distributed plants include

• minimum inventories of feedstocks, products, and materials in

process

• small and intensified processes and equipment

• flexibility to operate over a wide capacity range

• a high degree of automation.
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Inherent in the arguments of Benson and Ponton was the need for scaled-

down reactors, possibly including novel design aspects, as part of the

miniaturized processes. Case examples considered were chlorine, methanol,

and hydrogen cyanide (HCN) production.

The concept of distributed manufacture of chemicals, electricity, and

fuels (especially hydrogen) as an alternative to centralized production and

distribution is increasingly suggested today in discussions on possible future

technologies.

15.8.1 Case of Aqueous Sodium Cyanide Production at the
Point of Use

This case study is provided as an example of the potential for distributed

manufacture. Some driving forces, implications for technology selection and

process integration are discussed.

In 2002, undergraduate chemical engineering students at Monash

University addressed small-scale production of aqueous sodium cyanide

at Australian gold processing centres for their design project. In all cases,

access to piped natural gas supply was assumed. Design teamswere assigned

specific plant capacities and locations, mainly in Western Australia but were

free to choose the process route. This case and some of its implications has

been discussed by Brennan and Hoadley (2003).

Prior to 1990, sodium cyanide was imported into Australia as a solid.

Expansion of Australian gold production, triggered by an increase in the

world price for gold, resulted in an increase in imports of cyanide into

Australia from 2000 tonnes in 1975 to 52,000 tonnes in 1988. This growth in

imports led to the construction of three sodium cyanide plants in 1990:

• two in Gladstone, Queensland, using different processes to produce

solid

• one in Kwinana, Western Australia, producing aqueous product for

rail transport in special containers.

Since 1990, further expansion of the Australian gold industry has led to

expanded production of sodium cyanide within Australia. The Kwinana plant

has also been modified to produce solid as well as aqueous product.

Demand for sodium cyanide in Australia is widely dispersed, but

predominates in Western Australia. This contrasts with a concentration of

production capacity in Gladstone. Largest demands are near Kalgoorlie, but

large potential markets also exist at Telfer and Boddington.
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Sodium cyanide manufacture in Australia involves high temperature

synthesis of HCN, rapid cooling of reactor gases in a waste heat boiler, and

absorption of HCN in caustic soda. There are three main options for HCN

synthesis (Hoffmann, Hungerbuhler, and McRae, 2001; Kirk and Othmer,

1994; Ullmann, 2002):

• Reaction for the Andrussow Process (discussed in Chapter 4) involves
exothermic oxidation of methane and ammonia at 1100◦C over a
platinum–rhodium catalyst.

CH4 + 1.5O2 + NH3 → HCN+ 3H2O− 481.9 kJ/mol

• Reaction for the Degussa-BMA process occurs at a slightly higher
temperature, but is endothermic and occurs in the absence of air.
Ceramic reactor tubes coated with a platinum based catalyst are

housed within a furnace.

CH4 + NH3 → HCN+ 3H2 + 252 kJ/mol

• Reaction for the Shawinigan process occurs between ammonia and
propane (or butane or natural gas) in the absence of air in a

fluidized bed of coke heated electrically to 1500◦C. This reaction is
endothermic.

3NH3 + C3H8 → 3HCN+ 7H2 + 634 kJ/mol (15.1)

The ensuing absorption of HCN in caustic soda is exothermic, and may be

accompanied by sodium carbonate formation if carbon dioxide is present in

the reactor effluent gas.

Because of the toxicity of cyanide, Government authorities have permitted

transport of aqueous sodium cyanide only for specific routes, mainly by

rail over restricted distances and in specially designed containers. The solid

product has been vastly preferred because of greater ease of containment in

the event of spillage during transport. Production of solid sodium cyanide

compared with aqueous product (30% w/w NaCN) incurs additional capital

and operating costs associated with evaporation, crystallization, drying,

briquetting, and packaging (Fig. 15.2). The packaging operation is labour

intensive. NaCN purity demands are more stringent for solid than aqueous

product to ensure satisfactory performance of crystallization, drying and

briquetting steps.

Table 15.2 shows indicative post-reactor concentrations for the three

main HCN process options, based on estimates drawn from Ullmann

(2002) and Kirk and Othmer (1994). While the Andrussow process has

been preferred by Australian producers, comparison of reactor outlet
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Figure 15.2 Process routes for aqueous and solid NaCN products. (Note: p/l denotes pipeline.)
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Table 15.2 Indicative post reactor gas concentrations for alternative HCN produc-

tion process routes

Compound Andrussow (mol %) Degussa-BMA (mol %) Shawinigan (mol %)

HCN 7.8 22.9 25.0

NH3 2.3 2.5 0.005

H2 15.0 71.8 72.0

N2 49.0 1.1 3.0

CH4 0.5 1.4

CO 3.9

H2O 21.1

CO2 0.4

gas compositions indicates some potential benefits of the BMA process

(Fig. 15.3). Gas volumes are smaller for the BMA process than the

Andrussow process because of the absence of nitrogen and water vapour,

HCN concentrations are higher, and tail gas leaving the absorber is richer

in hydrogen. The higher hydrogen concentration could be an advantage if

hydrogen can be profitably utilized.

Reactor concepts for the Andrussow and BMA routes are different

(Fig. 15.3). The Andrussow route resembles ammonia oxidation in nitric acid

plants, with the platinum catalyst gauze sitting directly above a waste heat

boiler. The traditional BMA reactor resembles a hydrogen reformer furnace.

More recent Degussa patents describe a more compact and energy efficient

design which could benefit small-scale applications.

While the Andrussow process appears favoured by access to know-

how and by operability and maintenance characteristics, the BMA process

appears to offer advantages in raw material efficiency, in potential for some

capital savings, and in providing by-product hydrogen.

One issue for remote plants is the use of steamgenerated in thewaste heat

boiler following reaction. Steam is beneficial only if it can be used effectively.

There is little demand for steamwithin aqueous sodium cyanide production.

The BMA process generates less steam than the Andrussow process per

tonne of product. An alternative to the waste heat boiler could be direct

water quenching; in this case, the resultant dilution of the sodium cyanide

solution would be less for the BMA process, and acceptable for use by the

gold producer.

Opportunities for process integration exist at bothmicro andmacro levels.
At micro level there are opportunities in CO2 removal, ammonia recycle,
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Waste heat boiler
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Figure 15.3 Reactor concepts for BMA and Andrussow routes to HCN.

and energy recovery. At macro level there are potential synergies with

gold producers in water and energy use, and in some locations with nickel

refiners in hydrogen or ammonia use. Such process integration minimises

resource consumption and waste formation, but implies increased capital

and operational complexity.

Larger scale production tends to favour increased integration, but small-

scale production at the point of use favours simple process designs and

minimal capital.

An aqueous product is cheaper than a solid product in both capital and

operating costs. If manufactured at site, costs and hazards of transport are

eliminated. However, there are some disadvantages in making the aqueous

product at its point of use:

• poorer scale economies result for a small plant sized for a local

market
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• higher financial risks are incurred should there be closure or

production downturn at the gold mine; this risk could be reduced

if a modular, transportable plant were practicable

• cost and hazards of ammonia (and to a lesser extent of caustic soda)

transport to the manufacturing site are difficult to avoid.

The concept of manufacture at point of use remains an important

principle in industrial ecology.While the right combination of site advantages

and technology could conceivably work for sodium cyanide, there are clearly

obstacles. The concept is more likely to be viable where the process is robust

in terms of operating conditions, involves a single raw material and single

product, and can be incorporated into a transportable plant.

15.9 Government Legislation

Regional and national legislation and international agreements have played

an important part in driving improved environmental performance and

cleaner production initiatives in industry. Some milestones in the US

legislation and international agreements have been listed in the introduction

to Part A of this book.

The regulatory process, particularly through ‘command and control’ poli-

cies, has some limitations. For example, damage often precedes legislation by

a significant time interval. Further, legislation is costly and in some cases has

been of limited effectiveness. Some countries such as Holland and Germany

have taken leading initiatives in setting targets for emissions reduction

and materials recycling. Many governments have attempted to encourage

voluntary industry programs within their legislation. The Institution of

Chemical Engineers through its journal ‘Process Safety and Environmental

Protection (Transactions Part B)’ provides regular updates on UK and

European environmental legislation.

Economic instruments can be used by governments to encourage greater

environmental responsibility by individuals or companies. Examples of

economic instruments include the following:

• emission charges related to the quantity and quality of pollutants

emitted and the related damage

• user charges for collection, disposal, and treatment of wastes

• tradable or ‘marketable’ permits, which enable pollution (or

resource consumption) control to be concentrated amongst those

who can do it economically while capping total emissions. Trading
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can be internal within a company for different company sites, as well

as between companies. Tradable market permits have been used for

SO2 emissions in the United States in the 1990s andwere introduced

for CO2 emissions in Europe in 2005 (European Union website) and

New Zealand in 2010

• deposit refund systems involving a refundable deposit paid on

potentially polluting products.

Economic policy instruments should be economically efficient, equitable,

cost effective to administer, and successful in achieving improved environ-

mental performance. Economic policy instruments and externality valuation

are discussed by Turner, Pearce, and Bateman (1994).

15.10 Stakeholder Engagement

Stakeholder engagement is integral with the sustainability ethos, and is

discussed in Chapters 1, 14, 16, and 17 in the context of sustainability

concepts, sustainability assessment, and sustainable project development.

Achieving effective stakeholder engagement and participation in process

industry activities demands a thorough understanding of the interests,

responsibilities, and the skills of the diverse groups that make up the

stakeholders. This understanding requires ongoing consultation and edu-

cation, best obtained by integrated planning through government, industry,

professional societies, and educational institutions.

15.11 Lifestyle Implications

This book has focused on process engineering initiatives to achieve more

sustainable process industries. The readiness of the chemical engineering

profession to respond to the challenge of sustainability is encouraging, as

instanced by the London and Melbourne communiqués. However, global

problems such as large-scale poverty, continuing deterioration in climate

impacts from global warming, and inadequate supply of raw materials,

fresh water, and electricity in many parts of the word persist. There is

also risk of technology solutions falling short in terms of timeliness and

affordability. The extent of energy and fresh water consumption and waste

emissions embodied in consumer goods, is seldom recognised or considered

by consumers.
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The potential should be explored for changing demand at the consumer

level, particularly in more wealthy countries, by lifestyle changes in relation

to

• reduced demand for consumer goods

• changing pattern of consumption of goods towards those which are

less materials and energy intensive and have longer economic lives

• moderating excessive demands for personal living space and

transport

• moderating excessive demands for heating and air conditioning in

buildings.

Professional societies, industry bodies and academic institutions have an

important role and responsibility in community consultation and education

in the wider aspects of sustainability, including lifestyle implications.
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Chapter 16

Process Design and Project Development

16.1 Introduction

The provision of new process plants offers a special opportunity to link

the best available technology with the objectives of sustainable processing.

Design has an essential role in achieving this, whether applied to entirely

new plants or to modifying existing plants. Chemical engineers make an

important ‘up-front’ contribution in design by initiating and developing

concepts of process schemes and the associated process plant.

Chemical engineering design interfaces with other engineering design,

with expertise in plant construction, operation, and maintenance, and with

specialists in criteria evaluation within the organisational framework of a

project. In this chapter, we explore the design process, its role in process

flow sheet development, and its context within the larger activity of project

development.

16.2 The Design Process

The following characteristics may be attributed to design:

• Design involves the activities of synthesis and analysis:

� Synthesis involves the creation and combination of elements to

form a coherent whole.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
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� Analysis involves the assessment of the synthesised whole and

the breaking down of the whole into elements for further study.

• Design occurs in response to a need which requires comprehension

and definition.

• Designmust satisfy certain criteria, most notably those derived from

technical, economic, safety, environmental, social, and sustainability

considerations.

• Design must be undertaken within constraints imposed by nature

and by available technology, skills, money, and time.

The design process may be broadly depicted as shown in Fig. 16.1. Note

that there are several feedback loops. Specifying the need in physical terms

may lead to a closer examination of the need. Evaluation of an alternative

may identify weaknesses which can be overcome by improved synthesis.

Evaluation may reveal stringency in the defined need which can be partially

relaxed. The design process depicted may be applied to a number of smaller

elements of the design, with greater refinement of detail, until detail is

adequate for the need to be realised as a concrete solution.

Design is the precursor to plant construction, commissioning, operation,

and maintenance activities. As shown in Fig. 16.2, there are important

feedback loops. The experience and expertise of construction, operating, and

maintenance personnel is a vital input into the design of any future plant.

In chemical engineering design, five main activities can be identified.

• Process synthesis
� synthesis and evaluation of alternative processes

� recognition of technical, economic, safety and environmental

constraints

� evolutionary refinement of best option

� use of modelling and optimisation techniques

• Process selection

Applying suitable criteria for evaluation of established commercially

available process routes to enable a balanced selection decision

• Process design

Establishing the reaction conditions, separation processes, and

mass, heat, and momentum transfer steps

• Equipment design

Selection, sizing, detailed design, and specification of equipment

• Plant design

� design of instrumentation and control systems

� specification of utility requirements and utility systems
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PROBLEM
DEFINITION

SPECIFY
NEED in
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TERMS

SYNTHESISE
ALTERNATIVES
TO FULFIL
NEEDS

EVALUATE
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Economic?
Operable?
Safe?
Sustainable?

CHOOSE
BEST
ALTERNATIVE
using
appropriate
criteria

NEED

Figure 16.1 A broad outline of the design process.

� specification of effluents and requirements for their further

treatment or disposal

� development of plant layout

� piping design including valve selection

� definition of operating procedures.

The activities in chemical engineering design cannot be rigidly seg-

regated. For example, plant layout may influence the process flow sheet

in terms of use of gravity flow or fluid pumping; available compression



August 23, 2012 18:19 PSP Book - 9in x 6in 16-David-Brennan-c16

348 Process Design and Project Development

CONCEPTION

OPERATION
AND
MAINTENANCE

DESIGN

INSPECTION

COMMISSIONING

CONSTRUCTION

Figure 16.2 Design within the wider project activity.
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PROCESS TECHNOLOGY EVALUATION

PROCESS FLOWSHEET DEVELOPMENT
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HAZOP STUDY

COST ESTIMATION AND SAFETY AND ENVIRONMENTAL 
ECONOMIC ASSESSMENT ASSESSMENT

OVERALL PROJECT VIABILITY

Figure 16.3 Some key activities in chemical engineering design.

equipmentmay influence the pressure of gas streams. Equipment design con-

straintsmay influence the process flow sheet, andmay require revision of the

initial process synthesis. The five activities will normally involve more than

one chemical engineer and involve liaison with other professional engineers.

Many of the design decisions will be communicated to other professional
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engineers whose interpretations must be checked. In all activities, cost

estimation, economic evaluation, and safety and environmental appraisals

will be integral with the engineering work.

Figure 16.3 shows a typical sequence of chemical engineering design

activities, and reflects the main flow of information through the overall

design process.

16.3 Process Flow Sheet Development

We now review the evolution and development of process flow sheets, also

referred to as process flow diagrams (PFDs), the criteria by which they are

assessed, and guidelines for their documentation.

Five main steps can be identified, reflecting the activities in Fig. 16.1.

• Identify need and define problem.

• Specify need in engineering terms including feedstock, product

specifications.

• Synthesise alternative processes to convert feedstock to product.

• Evaluate alternative processes using technical, economic, safety,

environmental and sustainability criteria.

• Choose best alternative.

Some key aspects of process flow sheet development are now explored.

16.3.1 Defining the Need

Often the need is expressed in a way that requires increased definition.

It may be a perceived market need, the need to treat an effluent from an

existing plant, or the need to supply feedstock on a temporary basis while

the normal feed source is unavailable. Ultimately, the needmust be expressed

as a process requirement in terms of raw material processed, the product

produced, the required capacity of the associated process plant, and any

other key requirements or constraints.

16.3.2 Creating Plausible Solutions

Various alternatives will usually be possible in terms of the process and

equipment used tomeet the need. It is important to create sufficient plausible

solutions to ensure that the best solution is found. Process options matching

possible process alternatives can be represented initially as simple block
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diagrams, where each block represents a stage in the process; these can be

developed further, if appropriate, into simplified flow sheets.

16.3.3 Screening of Alternatives

A thorough evaluation and optimisation of each plausible solution would be

a time consuming and expensive option. Hence, it is desirable to screen out

less attractive options. The screening can be done using a range of criteria

necessary to be met by the successful solution to the problem. The criteria

include

• technical feasibility

• capital and operating cost

• safety

• environmental acceptability

• sustainability

• reliability and operability.

Some of the above criteria might conflict. Some options may be expensive

in capital costs but low in operating costs. Other options might be costly in

meeting regulatory environmental standards.

16.3.4 Further Evaluation of Selected Options

Desirably the screening will limit the options to a small number, say three,

which can then bemore thoroughly evaluated.When the best solution option

is chosen, some optimisation will still be needed in terms of efficiency

in energy and raw materials usage, minimising effluents, and trade-offs

between capital and operating cost. Process simulation packages are a

valuable aid both to optimisation and to exploring effects of deviations from

base assumptions, such as feedstock and product compositions. It must

be recognised that there are some aspects such as ease of operation and

reliability where a process simulation package has limited use; for these

criteria, other data sources and (particularly) operational experience must

be considered.

16.3.5 Optimisation and Scrutiny of Final Solution

Ultimately, the chosen solution must be optimised and pass acceptability

tests in the various criteria. While optimisation methods and computer

packages are valuable tools, the optimum solution reflects the input
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assumptions made. Since some deviations from input assumptions are

inevitable in plant operations, it is important to explore how robust the

design is to such deviations. One important aspect is the influence of

deviations on quantities and compositions of effluents. The final solution

should also be scrutinised to ensure that it meets all the criteria of

acceptance. These criteria also have an essential role as inputs into the early

stages of process conception and development.

16.4 Criteria for Process Flow Sheet Evaluation

Evaluation criteria are now discussed under their various categories.

16.4.1 Technical Feasibility

Meeting all the fundamental technical requirements, for example,

• meeting laws of chemistry, physics and thermodynamics

• constraints of mass and energy balances

• temperature and concentration driving forces.

16.4.2 Capital Cost

Factors contributing to capital cost include

• plant complexity (including numbers of process steps, extent of

recycles)

• design pressure and temperature

• materials of construction

• plant capacity

• extent of storages, utility generation and buildings

• stringent safety and environmental standards.

16.4.3 Operating Costs

Factors contributing to operating cost include

• raw materials consumption and unit cost of raw materials

• utilities (or energy) consumption and unit cost of utilities

• monitoring, treatment and/or disposal of effluents

• personnel employed, salaries and payroll overheads
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• capital related costs including depreciation, maintenance, and

insurance.

16.4.4 Safety

Factors contributing to process safety include

• properties of process materials, from feedstock to product

� toxicity

� flammability and potential for fire and explosion

� corrosiveness

• inventories of hazardous materials

• extremes of pressure, temperature

• development of overpressure or underpressure.

16.4.5 Environmental

Major contributions to environmental damage are

• waste emissions, leading to range of environmental impact cate-

gories

• resource depletion through excessive use of raw materials and

utilities.

16.4.6 Sustainability

Sustainability implies the capability to meet and sustain standards in

economic, environmental, safety, and social criteria over plant life. Consid-

erations include

• assured and adequate cash flows over project life

• assured markets for products and co-products

• security of supply, quality, and price of raw materials

• feasibility of using renewable sources of raw materials and energy

• sustainability merits of product manufacture, use and disposal

• implications of any product packaging or distribution for environ-

ment

• long-term effects on health of employees, site, natural environment.

16.4.7 Reliability

Reliability is important in terms of
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• meeting required product quality

• operating to the required performance standards matching the

criteria

• achieving required production capacity, both in terms of maximum

production rate in tonnes per day, and operating days per year.

Drivers for reliability include

• interdependency of distinct process plants

• customer demands in terms of product supply continuity

• capital intensiveness of plants and resultant cost of downtime and

underused capacity

• prolonged start-up and shut-down routines

• minimal storage capacity for raw materials and products.

Means of achieving reliability include

• avoiding unnecessary complexity in the process

• robustness of plant and equipment to changes in operating

conditions

• selecting correct materials of construction

• providing equipment redundancy, for example, pumps in parallel,

multiple reactors in parallel

• reliable utilities.

16.4.8 Operability

Ease of operation, control, and maintenance.

16.5 Process Flow Sheet Documentation

As is evident in Fig. 16.3, process flow sheet development is a key design

activity influencing the outcomes of many downstream design activities. The

process flow sheet is arguably the most consulted of all project documents,

with consultation extending beyond the design phase of a plant well into

its operating life. Key aspects of complete and clear documentation of the

process flow sheet are outlined in Appendix 1. Some examples of published

process flow sheet documents with material flows include

• Figure 1.1 (Benzene manufacturing plant) in Wells, Seagrave, and

Whiteway (1976)

• Figure 4.2 (Nitric acid plant) in Sinnott and Towler (2009).
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Flow diagrams for hydrocarbon processing are provided in Turton, Bailie,

Whiting, and Shaeiwitz (1998).

Some important outcomes from the process flow sheet which influence

environmental performance include

• raw materials consumption

• utilities consumption

• process effluent streams.

These outcomes should be separately documented.

Process flow sheets are to be distinguished from other important design

flow sheets and diagrams, namely,

• piping and instrumentation diagrams, whose function is to show all

piping, valves, instruments, control loops.

• simulation flow sheets, which are intended to illustrate a computer
simulation. These diagrams, for example, show stream junctions as

‘mixers’ which do not represent equipment items.

• layout diagrams, which are intended to show plan and elevation

views of equipment within the plant.

16.6 Piping and Instrumentation Diagram

The piping and instrumentation diagram (P&I diagram) is developed from

the process flow sheet and design and specification of equipment to a point

where the piping system for the plant as well as instrumentation and process

control system are defined. A number of P&I diagrams will be developed for

a process plant detailing piping, valves, fittings, and instrumentation.

The P&I diagram is also a key source of information for identifying

potential sources of fugitive emissions, provisions for drainage, venting,

purging, and themaintenance and cleaning of equipment and piping. As such,

it is a key document for identifying potential waste sources in operations,

such as fugitive emissions and accidental releases or spillages, which were

discussed in Chapter 9. The P&I diagram is also an essential document for

conducting a HAZOP study in safety assessment. Examples of P&I Diagrams

can be found in the references listed above under section 16.5.

16.7 Project Development

The design process takes place within the organisational framework of a

project, where key personnel, skills, and resources are brought together
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to develop and implement the proposed scheme. Projects offer exciting

opportunities to deliver major economic, environmental, and social benefits

within industries and at national and international levels, and to serve

the common good. At the same time, failed projects can leave a trail

of devastation in their wake in terms of wasted capital, loss of human

life, environmental damage, ongoing litigation, bad will between project

participants, poor profitability, and so on. Many important elements are

required to make a project successful; neglect or failure in any one of these

elements can be sufficient to ruin the project.

Projects vary enormously in concept and scope, in level of capital

expenditure, and in time schedules for development and implementation.

Small projects, while not involving large capital sums or personnel

requirements, still have the potential to make important improvements if

successful, and to cause significant damage if unsuccessful. It is a mistake to
resource a small project with inadequate capital, inadequate time for planning
and execution, or inadequately skilled and experienced personnel just because
it is small relative to a company’s portfolio of projects.

Project development is the formative stage of a project prior to sanction.
At sanction, the project and its related capital allocation are approved by

the board of directors of the company which will later operate the related

process plant. Some key steps prior to sanction are shown in Fig. 16.4.

The time span from identifying an investment opportunity to sanction

varies considerably; 2 years would not be unusual where the technology

is established, but longer periods are often required, especially if further

research and development is necessary. The investment opportunity is

Identification of investment opportunity

Technology selection Feedstock evaluation Site selection

Project definition

Process and engineering design

Capital and operating 
cost estimates

Environmental assessment Safety 
assessment

Sustainability assessment
Financial 

evaluation

Figure 16.4 Key steps prior to project sanction.
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characteristically a market for products, but may alternatively be driven by

cost saving or environmental compliance.

Following sanction, more detailed design, equipment and materials pro-

curement, and plant construction take place. When construction is complete,

the plant is commissioned for operation. Time spans fromproject approval to

commissioning vary considerably depending on project size and complexity;

the time span could range from 1 year for a small chemical plant to 3 years

for a world scale ethylene plant to 5 years for a large coal fired power station.

At commissioning, the production capacity and performance capability of

the plant is proven. After commissioning, the operating life of the plant com-

mences and continues until a decision is made to terminate operation. At ter-

mination of operations, the plant is decommissioned and either ‘mothballed’

or dismantled. Typical operating lives for process plants assumed at the

investment phase are 10 to 15 years, but many plants havemuch longer lives.

An important aspect of successful design is an effective design—operator

interface (Brennan, 2006) encompassing

• clear understanding by designers of the nature of plant operations

and the roles of operations personnel

• clear understanding by designers of the drivers acting on operations

• clear communication of design intent to operations personnel

• recognition of the learning process in design and operations

• recognition by designers that plant operators and maintenance

workers, as well as plant components, are failure prone

• interaction between design and operations personnel in the

development and review of design work.

16.8 Acceptability Criteria for Projects

Acceptability criteria for projects mirror those for process designs, and

undergo scrutiny from a larger group of stakeholders, particularly thosewith

responsibilities for managing, approving and funding the project.

16.8.1 Technical Requirements

A basic requirement for process plants is that they work. If a number

of similar plants have been built and operated previously, the risks are

greatly reduced although there may still be changes from previous plants in

terms of feedstock composition, equipment choices, and design innovations.
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These changes may be constrained by circumstances or may offer perceived

benefits, but can also be sources of risk in achieving the required plant

capacity and performance.

Greater risks attend the scaling up of new processes demonstrated

at pilot scale, or adapting existing plant designs to situations where

there are significant changes (e.g., in mineral feedstock compositions for

mineral processing plants). The commercial pressure to seize a market

opportunity can conflict with the need for due diligence in process and

plant development work to minimise technical risk. Scaling up is inherently

risky, since it is difficult to maintain the same chemical, thermal and

mechanical performance parameters from one scale to another. Scaling up a

stirred vessel in which mixing, heat transfer, solids suspension, and chemical

reaction are all important, is a good example. Entire books have been written

on scale up, but it remains a major challenge in process development. Many

projects have failed because of excessively ambitious leaps in scale.

Selection of construction materials for plant and equipment is a key

decision and can be risky for new processes, or when using different

feedstocks from those of previous plants (Fontana, 1986). Effects of

temperature, velocity, and impurities can be complex, for example, when

considering metals and alloys in contact with inorganic acids. Velocity and

turbulence effects can cause erosion corrosion, while chlorides can cause

pitting or stress corrosion of stainless steels. Corrosion testing prior to

design can be useful if done competently, but there may still be problems

which lay hidden until the plant is operating.

Often, projects may involve not just one plant, but several interdependent

process plants. The complexities associated with successfully bringing all

plants on stream simultaneously at commissioning to achieve required

capacity and performance can be considerable, particularly where there

are interconnecting process or utility streams between the plants. Phased

commissioning of the individual plants is normally a wiser strategy.

16.8.2 Economic Viability

The economic viability of a project is of great importance, and there are

many potential areas for failure. Factors shaping the economics are shown

in Fig. 16.5.

Markets are of key importance in ensuring profitability. Product selling

price is the most sensitive parameter governing profitability, while plant

capacity must be matched to market volume. Markets will drive the potential

for economic success of the project over its life, so market forecasting
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Feedstocks ◄▬► Technology ◄▬► Marketable products

Operating
costs

Capital
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Revenue

Financial 
Viability
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Figure 16.5 Some factors shaping the economics of a project.

over the horizon of construction and operational phases is essential.

While forecasting is inherently uncertain, various scenarios should be

systematically examined. These include analysis of competing products,

processes and businesses, prospects of surplus production capacity, and

external factors such as currency exchange rates.

Feedstocks must be matched to the technology and product, and

feedstock supply must be secure over project life in terms of availability,

price, and quality. Where alternative sources or compositions of feedstock

are feasible over project life, the robustness of plant design to copewith these

changes should be examined.

Inside battery limits capital will be influenced by technology, plant

capacity, and project management, and also by the plant site and the

investment climate at the time of project implementation. Total capital

incorporating outside battery limits investment and working capital will be

influenced by the site and logistics.

The concept of life cycle costing is commonly acknowledged as a

precursor for economic success of a project; as part of this, it is important

to weigh up incremental capital expenditure with corresponding savings in

operating cost. However, there are divergent interests of different parties

involved in project development and execution. For example, contractors

must deliver a working plant on time, within budget and within performance

specification, but the operating company must bear the capital investment

incurred and operate, maintain, and develop the plant over a much longer

time horizon. Such divergent interests must be recognised and resolved
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to achieve successful project outcomes. Penalties of over expenditure and

excessive lead times are obvious, but penalties arising from too lean a capital

budget can also be serious and can limit plant performance in its operating

life.

Operating costs are influenced by site location, the process technology

adopted and the quality of design and construction, as well as the calibre of

operating personnel employed.

In exploring profitability based on cash flow projections, an important

aspect is the possible time dependence of economic parameters over project

life (Brennan, 1998). For example, plant capacity will be influenced by ease

of ‘ramping up’ production in early operating life, as well as the extent of

learning, exploitation of capacity margins, and new technology introduction

in later operating life. Product selling price (in real terms) may decline under

the influence of competition from improved products or processes during

operating life. Plant operating life itself is always an uncertain parameter.

Thus, it is clear that a thorough analysis of profitability and attendant

risks should be made during the project planning and development phase;

this analysis should influence key decisions regarding all elements of

the project. Competitive analysis of operating costs (proposed project vs

existing operating plants) should always be used as a parallel approach

to profitability projections based on cash flow analysis. Vulnerability to

economic failure in upstream and downstream links of the product life cycle

must also be considered.

16.8.3 Safety

Techniques for hazard identification and risk assessment are well known

and established as an integral part of project development (Crawley & Tyler,

2003). Systematic approaches to inherent safety are less widely practised,

even though the principles have been expounded for at least two decades

(Khan and Amyotte, 2003). The principles of inherent safety have been

summarised in Appendix 2 of Chapter 12. The maxim of changes being least

difficult and costly in the earlier phases of project development implies

that early use of inherent safety methodology and related quantitative

assessments should be mandatory.

AIChE (1989) argued for safety review procedures at five stages

of a project from project inception, engineering, detailed engineering,

procurement and construction, and commissioning. AIChE (1989) also

provides guidance in site selection, plot plan development, and risk screening

in technology choices as part of the inception phase.
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According to Crawley (2004), there have traditionally been six stages of

process hazard analysis in the life of a project, to which Crawley and Tyler

(2003) have recommended the addition of two further stages for inherent
safety and abandonment/demolition:

• inherent safety
• concept selection

• front end engineering development design (‘FEED’) sometimes

called concept development

• detailed design

• construction

• commissioning and start-up

• post start-up review

• abandonment/demolition.

Newer technologies may need more careful risk assessments than estab-

lished technologies where many of the risks have become evident through

the benefit of experience.

16.8.4 Environmental

The cleaner production philosophy and life cycle assessment methodology

discussed in earlier chapters are particularly relevant and applicable to the

development phase of a project in terms of

• defining the product life cycle, and identifying key environmental

impacts at the various stages of the life cycle;

• defining system boundaries relevant to the project, and their

relationships with other interdependent systems;

• adopting the preventive approach to both waste emissions and

inefficient resource consumption;

• adopting a holistic view of the full spectrum of environmental

impacts arising from the project.

These aspects are important for an emerging project with its choices of site

location, technology selection, raw materials and utilities sourcing, effluent

management, and product packaging and distribution. The aspects are also

important in terms of the competitive position of the project relative to other

operations in the same industrial sector.
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16.8.5 Sustainability

As discussed in Chapter 1, the principles of sustainability imply longer

time frameworks in project evaluation than those traditionally used.

Extended time frameworks originate from the environmental considerations

of resource depletion and impacts from emissions, and are also pertinent to

the social consequences of a project, the long-term potential for a product

or process, and the future use of a plant site. Rather than considering

the proposed plant solely over its operating life, the implications of its

replacement or next generation plant should also be considered, as well as

the long term consequences of any net waste remaining after treatment,

storage and disposal of effluents.

Sustainability also implies proper consideration of the implications of

the project for the various stakeholders, for example, the need to satisfy

their entitlements, to brief them, and consult with them when appropriate.

Relevant stakeholders include employees, the resident community nearby,

the wider community, government, customers, and shareholders. In terms of

the wider community, openness, transparency, and the appropriate level of

detail, as well as timing, are important considerations. Some stakeholders

have the potential to provide valuable input into project conception and

execution.

Azapagic (2003) identified a list of typical stakeholders for projects, with

differing levels of their concern regarding economic, environmental, and

social implications, and differing time scales relevant to these concerns. The

approach outlined by Azapagic provides a useful first step to developing a

more expansive approach to identifying and analysing stakeholder concerns

and impacts, and to developing strategies for addressing them.

There are potential conflicts of interest between various stakeholder

groups providing obstacles to achieving satisfaction for all groups. For

example, some industry projects may offer secure employment to employees

but may be high CO2 emitters with adverse implications for the global

community. The effective integration of stakeholder concerns to achieve

a desirable project outcome is an even more demanding challenge than

effective consultation with stakeholders.

Increasingly, within more complex projects, alliances are sought between

interested parties where projects cross boundaries between separate

business organisations or entities. Such bodies might be infrastructure

suppliers (port and jetty), utility suppliers, effluent processors, feedstock

refiners, and so on. Good long-term financial, safety, and environmental

outcomes for relevant partners is important to ensure overall project success.
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16.9 Integrating Criteria Assessments

Much diverse expertise is involved in performing, interpreting, and ap-

plying the technical, economic, safety, environmental, and sustainability

assessments in projects. The drawing together of this expertise (Fig. 16.6)

and the related specialist skills to achieve the best project outcome is a

formidable challenge. Not only are economic, safety, and environmental

assessments made by different personnel with distinct experience and

skills, but even within economic criteria, market, capital cost, and operating

cost assessments are normally made by different personnel. Capital cost

estimates rely on design, procurement, and construction expertise. Estimates

of personnel andmaintenance requirements within operating cost estimates

rely on plant operating experience. Market volume and price estimates

draw on knowledge of products, markets, business cycles, and competitor

activities.

Trade-offs within and across criteria (as discussed in Chapter 14) must

be considered and resolved. Not all of the project management decisions

will correspond to ‘win-win’ outcomes. Figure 16.4 depicted a view of the

steps involved in a process industry project prior to sanction. These steps

are often thought of as a linear flow of information and decision making.

What is required in practice, however, is a more concurrent approach to

the various activities, including the criteria assessments. There is need to

feed insights gained by the criteria assessors progressively back into the key

decisions of technology selection, site selection, feedstock selection, project

PROCESS and ENGINEERING 
DESIGN

TECHNICAL

Design basis
Scale-up
Materials
Risk

ECONOMIC

CAPEX
OPEX
Revenue
Risk

SAFETY

Inherent hazard
Identify hazards
Risk

ENVIRONMENT

Resources
Emissions
Risk

SUSTAINABILITY

Product
Feedstock
Regulators
Stakeholders

Figure 16.6 Criteria assessments of process and engineering designs.
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of protection
analysis

Site specific
environmental
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Figure 16.7 Staged reviews and assessments during project development. Stage 1

represents an early stage, and Stage 2 a later more detailed stage.

definition and scope, and design of process and plant. This more concurrent

and interactive approach contrasts with an approach which relies solely on

approval or amendment decisions at various stages of project development.

It has the benefit of ensuring that project development time is shortened,

and is consistent with the accepted maxim that changes are least difficult

and costly in the earlier phases of projects.

Selecting the appropriate assessment method at different stages of

project development is a further challenge. Inherent safety and life cycle

assessment methodologies are particularly useful at the inception phase, but

capital and operating cost estimation methods also need tailoring. Use of

staged reviews is illustrated in Fig. 16.7.

How do we ensure that the various specialist groups exploring and

applying assessment criteria have adequate interaction to ensure the

best outcome for a project? How can we ensure that specialists in one

area have adequate appreciation of other specialists’ skills, priorities, and

perspectives? And how canwe ensure that the project manager has adequate

understanding of the principles of the various specialisations and the

implications of their findings? Two of the important principles are

1. to bring together the key parties contributing to the design and its

assessment at the earliest possible phase of the project, to agree project

objectives, and plans for implementation

2. to establish mechanisms for regular consultation and progress reviews

by these key parties.

One widely adopted approach has been to group health, safety, and the

environment into one area for assessment. Trade-offs are often still required,
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however, for example, when one design option offers improved safety but

higher environmental burden compared with an alternative design. Crawley

(2004) has suggested the possibility of assigning money values to potential

loss of life, loss of a material resource, and impacts from emissions to help

resolve such conflicts. This approach has been discussed in Chapter 14 in the

context of estimating environmental externalities, but the uncertainty and

subjectivity of assigning money values, especially in relation to human life,

remains a difficulty.

16.10 Concluding Remarks

There are many dimensions to the successful design, development, and

management of process industry projects. It is important for chemical

engineers involved in design and project activities to understand their role

in the wider project activity.

For projects to be successful, threshold standards must be met in

technical, economic, safety, environmental, and sustainability criteria. These

criteria must influence a spectrum of decisions including site location,

technology choice, scale of operation, feedstock source, investment timing,

and process and plant design. Project proponents must engage with

stakeholders including governments and the wider community to ensure

project success.

It is a demanding task for the project manager to ensure that

criteria assessments are made competently, that adequate information is

exchanged between specialist functions, and that the various assessments

effectively shape project development. Management tools for supporting

such concurrent and interactive work among specialists are a priority.

Establishing early liaison and interaction is an important first step.

Commitment to satisfactory performance over the entire life cycle of

the project is an essential element of project conception and development.

Plant operating life will almost always be the longest part of the life cycle. It

should be acknowledged that there is some ambiguity surrounding the exact

terminal point of the project life cycle. Even after plant closure, there may

be residual effects on site condition, accumulated technological and business

know-how, and stakeholder relationships.

Advances and refinements in evaluation methodology and techniques,

particularly in environmental and safety criteria are continually being made.

Such advances should be incorporated into project decisionmaking and have

a role in communicating project merits to stakeholders.
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Appendix 1. Documentation of Process Flow Sheet

A. Purpose of Process Flow Sheet

1. To convey the details of the process clearly and concisely

2. To document key information about the process and assist verification

of mass and energy balances

3. To provide a single reference point for identifying all major equipment

items in the plant and their role in the process

4. To enable easy cross-reference in a design report from

(a) process description

(b) presentation of mass and energy balances

(c) equipment specification

(d) equipment costs within capital cost estimate
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B. Essential Parts of the Process Flow Sheet

1. Flow diagram showing equipment items and process and utility streams

2. An equipment list table

3. A table detailing process and utility streams

4. A title block

C. Flow Sheet Representation

1. Rawmaterials should enter on the left and product streams leave on the

right of the diagram.

2. Key terminal rawmaterials and products streams, as well as any process

effluent streams, should be clearly identified on the diagram.

3. Equipment items should be roughly scaled in proportion to size and
roughly placed at elevation reflecting elevations on plant site.

4. Direction of flow should be clearly indicated by arrows on process

streams.

5. Process streams should be systematically numbered.

6. Where possible the diagram should be on one piece of paper. For

complex plants, multiple diagrams may be necessary with clear linking

of streams.

7. Use clear, uncluttered diagramswith tabular detailing of process streams

and equipment.

8. Provide a title block, defining the author, author’s affiliation, the process,

and the flow sheet capacity (e.g., tonnes of product per day).

D. Process Stream Tables

1. For each process stream, detail

• identifying number

• mass flow rate

• temperature

• pressure

• phase

• composition.

2. For each utility stream, detail key conditions, for example, temperature,

pressure.

E. Equipment List
Identify each equipment item with letter prefix, number, and title defining

equipment function.
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1. Examples of letter prefixes

E Heat exchangers V Vessels R Reactors
C Compressors P Pumps S Storage tanks
T Towers F Filters

2. Numbering
E1, E2, E3, E4, and so on.

3. Titles
These should be concise but also definitive, for example,

C1— Hydrogen feed compressor

C2— Hydrogen recycle compressor

P1— Strong acid circulating pump.

F. Graphical Symbols for Equipment Items
Examples of symbols for different equipment items are provided in

Appendix A in Sinnott and Towler (2009). Ensure the symbol is as good a

representation as possible of the type of equipment envisaged.
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Chapter 17

Operations Management

17.1 Operational Phase of a Process Plant

The operating life of a process plant is characteristically by far the longest

part of its life cycle. It is in operations where the benefits of technology

development, design, and capital investment are realised. It is here where

income generated rewards capital expenditure, where further employment is

created, and where products fulfil market demands. While the manufacture

of plant construction materials contributes to environmental impacts, by far

the greatest impacts during project life normally occur in operations, result-

ing from consumptions and emissions within process and utility streams. In

plant operations, waste emissions can occur beyond those identifiable from

design intent or process flow sheet analysis, in ways identified in Chapter 9.

In considering the operational phase of a plant, it is important to

understand the nature of plant operations, the personnel responsible (from

plant operator through to management), and the many drivers acting on

operations. These drivers include

• product quality demands

• production targets for quantities of product produced within time

frameworks

• the reliability and availability of plant to ensure continuity of supply

and achievement of production targets

• performance targets such as raw materials and utilities consump-

tions per tonne of product

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan
Copyright c© 2013 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com
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• standards of safety, both occupational and public

• environmental standards and their implications for allowable

emissions

• maintenance requirements, including inspection and monitoring

of plant and equipment, as well as budgetary constraints and

shutdown planning.

These drivers have key influences on the economic, safety, and environmen-

tal performance of the plant and hence its sustainability.

In terms of environmental standards, emissions must comply with

regulatory license requirements, but should also be acceptable to local

communities, where noise and odour issues often become problematic.

While plants are designed for specific process conditions, and specific

feedstock and product specifications, events change over plant life. Feed-

stock compositions may be variable, product specifications may become

tighter and environmental legislation may become more stringent. Market

growth may stimulate deliberate expansion of production capacity. Plant

modifications are frequently required, driven by technology improvements,

opportunities for cost reduction, the need to address operating and

maintenance problems, and the need for improved environmental and safety

performance. Such modifications can contribute to improved capacity and

performance over operating life.

The importance of an effective design – operations interface has

been discussed in Chapter 16. Just as it is important for designers to

make clear their design intent for the benefit of stakeholders including

operations personnel, it is also important for operations personnel to seek to

understand the design intent behind the processes and plants they operate.

This is true both for new plants, and also for smaller projects involving plant

modifications during operating life.

17.2 Plant Maintenance

Sustainable operations depend heavily on the quality of maintenance

on equipment, piping and valves, instrumentation, and the entire plant.

Maintenance is required on both a planned basis (usually during an extended

plant shut-down) and on an unplanned basis, where it is necessary to

respond to unforeseen faults.

The penalties for inadequate maintenance standards include failure of

plant components leading to a wide range of deviations from intended
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Figure 17.1 ‘Bath-tub’ curve showing failure rates of plant components over time.

performance, possible releases of process materials with safety and envi-

ronmental consequences, and forced shut-downs. Forced shut-downs imply

interrupted production, reduced plant availability, loss of sales revenue, and

unforeseen costs of repair.

Routine inspection and monitoring of a process plant is one essential

aspect of preventative maintenance. There are aids to this, such as

non-destructive testing including ultrasonic and acoustic techniques, and

analytical sampling devices for detecting leaks of flammable or toxic fluids.

However, regular and systematic on-site inspection of plant is an essential

part of effective maintenance.

Failure of plant components has often been modelled by the so-called

‘bath-tub’ curve (Fig. 17.1). The bath tub curve shows three stages:

• an initial (or ‘wearing in’) period where failure rate decreases due to

an adaptation and learning process;

• a prolonged period of approximately constant failure rate;

• a final period where failure rate increases due to wear or corrosion

of components.

Some failure rate data have been provided for equipment items by Turner

(1977) and for instrumentation and control components by Lees (1986).

Maintenance of equipment, instruments, piping, and valves requires

shut-down of the related section of plant, any necessary drainage, venting

and purging, and isolation from process streams, electricity, and utilities.

Provision must be made at the design stage of plants for maintenance

activities encompassing these features. This is addressed during the

development of the piping and instrumentation diagrams for the plant.

Strict procedures are required in operations to ensure the plant is safe
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for maintenance activities to proceed. These procedures are referred to as

‘permit to work’ systems. Special procedures are required for work within

confined spaces and closed vessels.

Details of maintenance requirements in varying contexts of a process

plant’s life cycle are provided by Townsend (1992) and Scott and Crawley

(1992). There is an important need for an active interface between design

and maintenance personnel during the design stage of plant, and between

operational and maintenance personnel during the operating life of a

plant.

17.3 Environment Management Systems

To achieve environmental objectives, environmental management becomes

mandatory for achieving sustainable outcomes in the operating life of

a plant. Environmental management systems (EMS) are covered by the

International Standard ISO 14001. The international standard proposes the

steps identified in Fig. 17.2 and amplified in the following text.

17.3.1 Commitment and Policy

An organisation should define its environmental policy and ensure

commitmentwithin the organisation to its EMS. Most industrial corporations

have had a documented environmental policy for some years.

17.3.2 Planning

An organisation should define its environmental plan to fulfil its environmen-

tal policy. Aspects of planning include

• identification of environmental aspects and evaluation of associated

environmental impacts

• legal requirements

• environmental policy

• internal performance criteria

• environmental objectives and targets

• environmental plans and management program.

17.3.3 Implementation

An organisation should develop the capabilities and support mechanisms

necessary to achieve its environmental policy, objectives, and targets.

Important aspects are as follows:
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MANAGEMENT REVIEW 

CONTINUAL IMPROVEMENT 

Figure 17.2 Outline of steps for an environmental management system.

• Capabilities include human, physical (plant and equipment), and

financial.

• EMS elements should be integrated with existing business manage-

ment.

• Responsibility for the effectiveness of the EMS should be assigned to

an appropriately skilled senior person.

• Senior management must ensure employees are aware and moti-

vated. This implies adequate knowledge, skills, and training.

• Support action includes adequate communication and reporting of

environmental activities, as well as systematic documentation of

operational procedures. Suitable controls must be implemented and

emergency plans and procedures established.



August 23, 2012 13:32 PSP Book - 9in x 6in 17-David-Brennan-c17

374 Operations Management

17.3.4 Measurement and Evaluation

An organisation should measure, monitor, and evaluate its environmental

performance by

• taking corrective and preventive action

• maintaining EMS related records

• conducting audits of the EMS on a regular basis.

17.3.5 Review and Continuous Improvement

An organisation should review and continually improve its EMS with

the objective of improving its overall environmental performance. The

review should be broad enough in scope to address the environmental

dimensions of all activities, products, and services of the organisation,

including their impact on financial performance and competitive position. A

process of continuous improvement should be adopted. Performance should

be compared with policies, objectives, and targets to identify improvement

opportunities.

17.4 Environment Improvement Plan

Environment Improvement Plans (EIPs) have been required in Australia in

some states under state Environment Protection Authority (EPA) licence

conditions. EIPs are also voluntary initiatives by some companies in other

Australian states. EIPs involve a public commitment by a company to enhance

its environmental performance. A number of companies have drawn up EIPs

as voluntary commitments after consultation with their local communities.

Examples of EIPs in Victoria, Australia, include those of Qenos Australia

and Alcoa.

Under such EIPs, companies can obtain accredited licenses which confer

benefits of simplified regulation. In return companies implement an EMS

and an EIP which are acceptable to the Victorian EPA and to the community,

and which undergo regular audits by EPA-approved auditors. An EIP should

include

• a requirement that any relevant state policy, regulation or licence

condition must be complied with

• emission and waste production standards for the industry

• requirements for the monitoring of compliance with the EIP
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• provision for community participation in performance evaluation in

meeting objectives of the EIP

• provision for upgrading of plant to meet EIP objectives

• provision for assessment of new or emerging technology

• provision for contingency or emergency plans.

17.4.1 Examples of EIPs

Qenos Australia P/L has been awarded accredited licensee status under

the Victorian EPA. The EIP is a public document. Action plans in Qenos’

2009 EIP included steps relating to the following aspects of environmental

performance:

• greenhouse gases

• odour

• transported Wastes

• water and Wastewater

• soil and Groundwater

• flares

• training.

Copies of EIPs can be accessed through company websites. At the time of

writing, copies of the Qenos and Alcoa EIP documents can be accessed

through http://www.qenos.com.au/internet/home.nsf/vwfiles/environ-

mental action plan 2009/ and http://www.alcoa.com/australia/en/info

page/EIP.asp, respectively.

17.5 Responsible Care

Responsible Care is a voluntary chemical industry program tomanage health,

safety, and environment, initiated by the chemical industry in Canada in

1983. The programwasmodified and adopted byUS ChemicalManufacturers

Association in 1988. In 1989, a Responsible Care program was adopted by

the chemical industry in Australia, and later in several European countries.

The Australian program is administered by Plastics and Chemicals Industry

Association (PACIA). The Responsible Care program has five key elements:

• principles which recognise public concerns and industry’s desire for

self-improvement

• codes of management practice
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• national Community Advisory Panel

• member self-evaluation of performance

• executive leadership groups.

Further information can be accessed through http://www.responsible-

care.org.

17.6 Environmental Performance Monitoring

Reliable data for resource consumptions and emissions demand a systematic

monitoring program. Emissions monitoring in the workplace is important

from a number of perspectives.

Operator health and safety can be threatened by continuous exposure

to toxic materials as the result of regular duties in the workplace and by

short-term exposure from abnormal releases. In this context, permissible

concentrations in the workplace have been defined in terms of threshold

limit values (TLVs). TLV data are available both on a time-weighted average

basis (TLV-TWA) assuming normal working conditions of 8 hours per day 5

days perweek, and permissible short-term exposure limits (TLV-STEL) based

on an exposure of up to 15 minutes.

Continuous sampling of air at strategic points around a process plant is

necessary to detect leaks of processmaterialswhich threaten operator safety.

One example is the continuousmonitoring of air around a PVCmanufacturing

plant in order to detect any vinyl chloride emissions.

Regular monitoring of air quality at the plant site and within site

boundaries is important to ensure minimum quality standards are met from

an environmental viewpoint. This is an important part of fulfilling license

agreements with environmental regulatory bodies. Planned monitoring of

releases at potential fugitive emission sources is also an important part of

plant control.

Environmental performance monitoring is also required at plant

boundaries to ensure that neighbouring communities are not exposed to

dangerous or offensive materials. Little is published regarding acceptable

concentrations of chemicals for continuous exposure by the public. One

suggestion has been to use 2.5% of the TLV-TWA. One frequent aspect of

concern at plant boundaries and in neighbouring communities is odour.

Odorous materials are not always identified at the design stage of a new

plant or when planning modifications to an existing plant. Perception of

odours and response to odours varies between individuals, but persistent
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and intense odours are often the basis for complaint (Heinsohn & Kabel,

1999). An interesting case history of an odour problem arising from an

alumina refinery is discussed by Coffey and Donoghue (2006); the case

study is of interest because of the technical, operational, environmental, and

community contexts discussed.

In predicting and assessing airborne concentrations of chemicals and

particulates following release from a point source, dispersion modelling is

required. The degree of dispersion is affected by the nature and location of

the release within the plant, topography and nature of ground cover, and

meteorological features such as wind speed and direction and atmospheric

stability. Atmospheric stability relates to the extent of vertical mixing in the

atmosphere, including, for example, temperature inversions. Release factors

include the height of the release point (e.g., at ground level or from the top of

a stack), the chemical concentration, velocity and direction of the release, the

density and temperature of material released, and other factors. Dispersion

modelling is discussed by Crowl and Louvar (2002). Attempts have been

made to specify maximum ground level concentrations for chemicals in both

emergency situations (typically for exposures of 1-hour duration) and non-

emergency situations.

Another frequent concern is that of noise. Excessive noise is important

in the occupational health context where prolonged exposure can cause

deterioration in hearing capability. Furnaces, high-speed machinery such

as centrifuges, gas compressors, and turbines, and intermittent releases of

high pressure steam to atmosphere are common sources of high-intensity

noise in plants. Adequate ear protection is a key safeguard for operational

personnel. Noise nuisance at plant boundaries can depend on intensity at the

plant and also on the nature and pitch of the noise, time of day (background

noise of traffic and community activities are normally quieter at night), and

meteorological conditions including wind direction.

Aqueous effluents to sewers must be treated (if necessary) prior to

disposal, and continuously monitored for key properties. Treatment and

quality assurance is necessary to protect the sewer pipes from chemical

attack and to ensure that feed to downstream purification plant is within

specification. Waste water quantities discharged should also be monitored

and checked in relation to freshwater consumption and other aqueous inputs

and outputs in the process. Storm water effluent may have a separate

discharge system to process effluents but should be monitored to check

for contamination in order to safeguard the quality of downstream water

systems.
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Soil and groundwater condition monitoring is important to avoid

contamination by toxic chemicals. Groundwater is sometimes used for crop

irrigation and as a source of drinking water. Soil contamination is possible

through accidental spillages. Solid waste should be monitored for quantity

and quality. Where possible, solid waste generation should be minimised

using strategies outlined in Chapters 4 to 9. There are regulatory restrictions

on the movement of hazardous waste between countries and their regions,

encouraging minimisation and treatment of waste at the generating

plant.

17.7 Emergency Response Planning

Emergency response plans and procedures are important in the context

of major safety or environmental accidents. Requirements for emergency

response are normally covered in legislation by government safety or

environmental authorities. Emergency response plans must involve the

whole spectrum of relevant community bodies including police, firefighting,

medical support, and media.

Examples of inadequate preparation for emergency response are wide-

spread in the case histories ofmajor safety and environmental disasters. Two

relevant cases are the Seveso chemicals release and the Basel warehouse fire,

referred to in Chapter 12.

17.8 Sustainability Reporting

Process industry companies issue annual reports to shareholders which

are in the public domain. Traditionally, these have dealt with management,

operational, and particularly financial details relating to a company’s

performance over a year. Increasingly, process industry companies are also

issuing annual sustainability reports, either within the annual report or as a

separate dedicated report. Reports vary in content and detail, but indicate a

recognition by companies of the importance of reporting on sustainability

issues to shareholders and the wider community. Examples of companies

issuing separate sustainability reports include

• Alcoa, reporting on its Australian operations which include bauxite

mining, alumina refining and aluminium smelting, have published
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sustainability reports accessible from the company website (see

http://www.alcoa.com/australia/en/info page/sustain home.as)

• Santos, amajor oil and gas exploration and production venture oper-

ating in Australia and internationally, have published sustainability

reports on its operations, accessible from its company website (see

http://www.santos.com/home.aspx).

Guidelines for sustainability reporting have been drawn up by the

Global Reporting Initiative, a non-government body based in Europe

(http://www.globalreporting.org).

Company sustainability reports are often a useful source of data on

resource consumption and emissions. For example, Alcoa has reported its

greenhouse gas emissions for its alumina refining and aluminium smelting

operations in Australia.

Sustainability indicators referenced in the Santos Sustainability report for

2009 are detailed in Appendix 1. This report provides examples of projects

tackled to improved environmental performance. These examples include

reduced flaring, improved energy efficiency in refrigeration compression,

improved boiler blow-down control, and water saving initiatives enabling

reductions in groundwater extraction.

17.9 Emissions Reporting

The National Pollutant Inventory (NPI), established by the Australian

Commonwealth Government, was designed to advise the community,

government, and industry on types and quantities of specified chemicals

emitted to the environment.

Companies using more than specified amounts (commonly 10 tonnes per

year) of listed pollutants (other than greenhouse gases) have been required

to submit reports. The list of nominated pollutants has been expanded from

36 substances initially to 93 substances in 2010. NPI data come from both

industry and non-industry sources. The inventory reflects a recognition

by government, industry, and the community of the ‘right to know’ about

emissions. It also enables trends in emissions to be investigated.

The database for NPI reports by substance, source, facility, and location.

The estimation technique employed, for example, by direct measure-

ment or mass balance, is also reported. The NPI website address is

www.environment.gov.au/net/npi.html.
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Many countries are now requiring their larger industrial corporations to

report their greenhouse gas emissions. In Australia, under the 2007 National

Greenhouse and Energy Reporting (NGER) Act, corporations emitting more

than 125 kilotonnes CO2 equivalent per year are required to report their

greenhouse gas emissions annually, as direct and indirect emissions. Under

NGER 2007, data were reported for the first time in 2010. Further

information is available from http://www.climatechange.gov.au/

government/initiatives/national-greenhouse-energy-reporting.aspx.

Similar regulatory frameworks are in place for emissions reporting in

other countries.

17.10 Concluding Remarks

The potential for good project outcomes, as well as safety or environmental

damage, is greatest for any project in its operational phase. Ultimately, it is

in operations where the vast majority of consumptions and emissions occur

and the sustainability of processes and process plants is realised.

Industrial companies are required to monitor and report their emissions

under environmental licensing agreements with regulatory bodies, and

under emission reporting requirements of government.

EMS and EIPs are important means of identifying environmental goals

and improving performance. EIPs also provide special opportunities to

consult with stakeholders.

Increasingly, performance in relation to emissions, consumptions, and

sustainability indicators are being monitored and reported, and represent

an increased commitment to accountability and continuous improvement.
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Appendix 1. Indicators, Santos Sustainability Report, 2009

Guidelines
Sustainability Indicator GRI G3 IPIECA/API

Environment
Air quality ***** *****

Biodiversity and land disturbance ***** *****

Climate change ***** *****

Incidents and spills ***** *****

Waste management ***** *****

Water management ***** *****

Community
Community wellbeing ***** *****

External stakeholder engagement *****

Indigenous rights and cultural heritage ***** *****

Product responsibility and reputation *****

Social infrastructure ***** *****

Transparency and disclosure ***** *****

Our people
Governance and Policy ***** *****

Health and wellbeing ***** *****

Safety ***** *****

Workforce capability ***** *****

Workforce composition,

culture, and commitment ***** *****

Workforce remuneration and benefits ***** *****

Economic1

Financial performance ***** *****

Supply chain performance ***** *****

Notes
1. Other economic performance indicators have been detailed in the Santos Annual report

for 2009.

2. The symbol **** denotes a related requirement under the guideline source.

3. GRI G3 denotes Global Reporting Initiative (2006), while IPIECA/API denotes

the International Petroleum Industry Environmental Conservation Association in

conjunction with the American Petroleum Industry.
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Problems: Part D

1. Process Flow Sheet Development. Utilisation of By-Product
Hydrogen from a Chlor-Alkali Plant

For every tonne of chlorine produced in a chlor-alkali plant some 28 kg of

hydrogen are produced. Because of the relatively small quantity of hydrogen

produced this potential by-product has often been vented to atmosphere.

Better utilisation of by-product hydrogen has been identified by European

chlorine manufacturers as one of several key sustainability goals; another

key goal is the progressive replacement of mercury cell plants by membrane

cell plants.

This assignment explores the use of by-product hydrogen and provides

an opportunity to explore how process flow sheets are developed and

documented.

(a) Identify two potential uses of hydrogen for each of the following cases:

• internally on the chlor-alkali plant

• externally by other industrial plants.

(b) Consider the case of a hypothetical mercury cell plant of capacity 1000

tonnes per day chlorine.

Assume hydrogen gas at 15 kPa gauge pressure and 90◦C leaves

the electrochemical reactor saturated with water vapour and mercury

vapour. Hydrogen is to be supplied by pipeline to an industrial user,

located 3 km away; supply conditions at customer’s gate are to be 6 bar

g pressure and ambient temperature. Water content is to be lowered to a

dew point of 5◦C maximum at delivery pressure, and mercury content to

5 μg/Nm3.

(i) Develop a simple block diagram to meet the process needs. Identify

the main process steps involved, and the key conditions of process

streams leaving each process step. Provide a brief explanation of the

reasons for your diagram.
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(ii) From your simple block diagram, develop and draw a process flow

sheet showing

• flow diagram with all process streams and equipment items

• table detailing the mass flow rate, composition, temperature, and

pressure of each process stream

• equipment list identifying all equipment items on the plant.

(c) Estimate by calculation the consumptions of cooling water and electric-

ity on the plant. Specify any other utilities which would be required for

use on the operating plant.

(d) Howwould the process scheme developed differ for the case of hydrogen

from amembrane cell plant?Which of the two process schemeswould be

superior from a sustainability viewpoint and why?

(e) Use an approximation to estimate the diameter of the pipe for hydrogen

transport to the user factory. What considerations would govern the

choice of pipe diameter in practice?

Notes

1. Mercury removal from hydrogen and other gases can be achieved to

5 μg/m3 by use of a solid adsorbent of carbon impregnated with sulphur.

The removal takes place in a fixed bed of adsorbent, at around ambient

temperatures.

2. The following utilities are available:

Recirculated cooling water: 28◦C max, 15◦C min, 3 bar g (ground level)
Electricity: 11 kV/3.3 kV/415 V 3 Ph 50 Hz

Other utilities can be made available if required and justified.

3. Guidelines for sizing pipes are provided in Chapter 7.

4. The following simplifying assumptions can be made in calculations of

(a) cooling water consumption — assume gas contains H2 and water

vapour

(b) electricity consumption — consider compression of hydrogen gas

alone ignoring water and mercury contents.

5. The following physical property data are required and can be found in

Perrys Chemical Engineers Handbook (Chapter 3 in sixth edition):

• vapour pressure of water and mercury

• density of hydrogen

• Cp/Cv for hydrogen

• specific heat of hydrogen and water vapour

• latent heat of water vapour.
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Considerations in process development in solving problem 1
As with most design problems, there are a number of possible solutions. The

following points should be considered in reviewing various design options.

1. Is mercury adsorbent necessary? Could pressure and temperature

conditions for hydrogen gas be selected to achievemercury removal solely

by condensation thus avoiding use of adsorbent? If so, what happens if

• mist is entrained in gas leaving coolers

• abnormally high gas temperatures occur because of deficiencies

in cooling water, refrigeration, or heat exchanger performance

during operation.

2. If mercury adsorbent is necessary, where should adsorbent beds be

placed?

a. At beginning of process?

Advantage: Eliminates Hg contamination of condensate and down-

stream gas

Disadvantage: Higher mercury load on adsorbent implies greater

disposal and/or regeneration frequency

b. At end of process?

Advantage: Load on adsorbent would be minimised

Disadvantage: Upstream condensate would be contaminated with

mercury

3. Mercury handling

a. Could condensed mercury and water be recycled to soda cell? How?

b. If this is not possible, how could contaminated condensate be handled?

c. How could spent adsorbent be either regenerated or disposed of

securely?

4. Utility consumptions

Consumptions of cooling water and electricity depend on design

decisions, for example,

a. cooling water temperature rise in heat exchangers

b. gas temperatures leaving heat exchangers

5. Heat exchanger selection

What would be the relative advantages of

a. shell and tube exchanger for gas cooling?

b. packed column for direct contact gas cooling with water using external

cooling of condensate?

6. Pipe sizing

To what extent is there a trade-off between capital and operating costs?
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2. Process Flow Sheet Development: Waste Sulphuric Acid

Chlorine-caustic soda manufacture is a major commercial activity in the

chemical industry. Chlorine can be handled successfully in mild steel

equipment, but wet chlorine is very corrosive tomostmaterials.Wet chlorine

can be dried successfully using sulphuric acid, but often it is difficult to find

a use or market for dilute sulphuric acid produced. This problem focuses on

• development of a process flow sheet for chlorine purification

• accounting for process resources used and wastes, and utilities used

• exploring options for treatment of some process effluents.

Problem

A chlorine caustic soda plant of 200 tonnes/day chlorine capacity uses

membrane cells to convert sodium chloride brine to chlorine, caustic soda

and hydrogen. Chlorine gas leaves the cells saturated with water vapour

at 20 kPa gauge pressure and 90◦C. The gas composition by volume on a
dry basis is 98% Cl2, 1.8% O2, and 0.2% H2. The gas is to be cooled, dried

using sulphuric acid, and compressed by pipeline supply to a user plant on

the same site. The user plant requires chlorine supplied at 100 kPag and

a temperature not exceeding 40◦C. The maximum moisture content of the

chlorine gas after drying is 0.01 g/Nm3 (N indicates 0◦C and 1 bar abs).
The site can be assumed flat. The following utilities and raw materials are

available to the plant.

Cost
Towns water: Mains pressure $ 1.00/m3

Cooling water: 28◦C max., 15◦C min., 3 bar g (ground level) $0.07/m3

Chilled water: 5◦C, 3 bar g (ground level) $0.35/m3

Steam: Medium pressure 18 bar g saturated. $15/tonne

Electricity: 11 kV / 3.3 kV / 415V 3Ph 50 Hz $80/MWh

Sulphuric acid: 98% by mass, supplied to battery limits $80/tonne

Caustic soda: 32% by mass from cells At cost

Tasks

(a) Develop and document a process flow sheet for a plant to cool, dry,

and compress the chlorine gas leaving the cells. Document the process
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flow sheet to provide a detailed table of the process raw materials

consumed and the process waste streams emitted. Include mass flow

rates, compositions, temperatures, and pressures.

(b) Calculate and list consumptions of electricity, cooling water, and chilled

water (if used) in the process, and identify any other utilities required.

(c) Recommend a means of treating and reusing the water condensed from

the gas stream as a result of cooling the chlorine gas stream.

(d) (i) Recommend a method for reprocessing the diluted waste sulphuric

acid for reuse in the drying process. Comment on the viability of the

method.

(ii) Recommend a possible market for the waste sulphuric external to

the chlorine plant.

(iii) Recommend a means of recycling the waste sulphuric acid external

to the chlorine plant should options (i) and (ii) above not be viable.

Notes

1. A solid chlorine hydrate forms at 14◦C.
2. Sulphuric acid drying systems for chlorine plants normally operate in

either two or three stages with corresponding acid effluent streams of

∼78%w/w H2SO4 and∼54%w/w H2SO4.

References
Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,

Germany.

Perry, R.H. and Green, D. ed. (1984) Perry’s Chemical Engineers Handbook (Refer

Table 3.5 Vapour pressure of water, and Table 3-13 Water partial pressures over

aqueous H2SO4 solutions) (6th ed.) McGraw-Hill, New York.

3. Process Flow Sheeting: Carbon Dioxide Separation from Flue
Gas

Carbon dioxide sequestration has been suggested as a means of reducing

emissions of carbon dioxide to atmosphere. For an existing power station

using fossil fuels, this implies separating the carbon dioxide from flue gas

and transporting it by pipeline to the point of sequestration. Victorian power

stations based on brown coal are located in the Latrobe Valley and provide

the large majority of Victoria’s electricity generating capacity. Some existing

and proposed power stations use natural gas sourced from offshore Victoria.
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(a) Specify the mass flow rate, composition, temperature, and pressure of

the flue gas leaving a power station of 500 MW capacity and using

(i) natural gas

(i) brown coal.

The mass flow rate and composition of the flue gas should be calculated

making simplifying assumptions (see later). Flue gas temperature and

pressure should be specified based on reasoned estimates, considering

temperature driving forces, flue gas dew point, and pressure and

temperature losses.

(b) Specify the pressure, temperature, and composition of the carbon

dioxide at the inlet to the transportation pipeline, based on reasoned

estimates.

(c) Develop and draw a process flow sheet for a plant to treat flue gas from

the natural gas power station to separate, recover, compress, and cool

CO2 for delivery to the sequestration site. Terminal points of the flow

sheet are

• flue gas stream leaving the power station after steam has been

generated and any particulates have been removed

• treated gas entering the pipeline for delivery to the sequestration

site.

The first stage of the flow sheet development should be a simplified block

diagram showing the main process steps. For the CO2 separation step,

absorption stripping has been most widely used, but other alternatives

should be identified and their advantages and disadvantages considered.

The detailed process flow sheet document should comprise two parts:

• a process flow diagram showing major equipment items

• a table of process streams detailing mass flow rates, tempera-

tures, pressures, and component compositions.

The detailed process flow sheet should be accompanied by

• a concise statement of the process design basis for the flow sheet

• a clear and concise presentation of mass and energy balance

calculations for the feed gas and the CO2 separation, compression,

and cooling steps.

(d) What modifications, if any, to the process flow sheet would be required

in order to capture and sequester CO2 from flue gas derived from the

power station fired by brown coal? Answer qualitatively, aided by a block

diagram.



August 24, 2012 12:57 PSP Book - 9in x 6in 17-Problems-D-17

Problems 389

(e) Make some conclusions about the sustainability of sequestering CO2
from power stations based on the above work.

Data

Details of fuel compositions are provided below.

Natural gas composition
CH4 %vol 90.6

C2H6 %vol 5.6

C3H8 %vol 0.8

C4H10 %vol 0.2

N2 %vol 1.1

CO2 %vol 1.7

Sulphur mg/Nm3 45

Water mg/Nm3 60

Lower CV (calorific value) MJ/kg 46.7

Brown coal composition
Moisture mass % 62

Carbon mass % 25.3

Hydrogen mass % 1.9

Sulphur mass % 0.11

Nitrogen mass % 0.23

Ash mass % 0.8

Oxygen mass % 9.7

Lower CV (wet basis) MJ/kg 8.4

Simplifying assumptions
The following simplifying assumptions are suggested for calculations.

1. All carbon and hydrogen in the fuel are fully combusted.

2. Combustion air is free of moisture and CO2 and comprises 79% N2, 21%

O2 by volume, and 76.7% N2 and 23.3 % O2 by mass.

3. NOx (nitric oxide and nitrogen dioxide), N2O, and SO2 will be produced in

fuel combustion but quantities need not be calculated.

4. Power cycles, power generation efficiency, excess air for fuel combustion

are as follows:
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Fuel Power Cycle Efficiency* Excess Air
Brown coal Steam turbine 30% 25%

Natural gas Combined cycle gas turbine 50% 10%

* Efficiency = electric power generated

fuel energy consumed
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