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Foreword

The benefi ts of modern urban settlements are self-evident. Towns and cities 
provide housing, employment, education, healthcare, public transport and 
many other services. However, the construction and operation of buildings 
and infrastructure consume signifi cant resources and produce large quantities 
of waste. We are now at a stage where we are questioning whether the 
development path taken in the past is suitable for the future and this is the 
starting point for this book.

The case for analyzing buildings over their whole life is logically made and 
this is tied to environmental impacts including the consideration of raw 
materials, energy, water, emissions, wastes and other indicators as an 
introduction to life cycle assessment (LCA). The principles, framework and 
guidelines for LCA, which are now part of international standards, are 
described in a clear and easily understandable manner.

What follows is the truly innovative part of this book. The combination of 
embodied energy theory and LCA are integrated into a streamlined 
environmental assessment approach. Furthermore, input-output-based hybrid 
analysis is described and used to show how a much more comprehensive 
assessment of environmental impacts in the built environment is achievable 
compared with current methods.

This book adds clarity to the uncertainties in life cycle assessment and 
provides a clear methodology to ensure consistent analyses. Hence, the 
innovative contribution is to overcome diffi culties with system boundary 
defi nition and the life cycle inventory data. The text draws upon the work of 
the late Associate Professor Graham Treloar especially with respect to his 
innovative pathway extractor tool for input-output analysis. This research has 
been developed further by the author of this book and the contribution that 
this body of work has made to LCA is clearly described. Life Cycle Assessment 
in the Built Environment is essential reading for students, researchers and 
practitioners in the fi eld. Chapter 5 will be especially appreciated as it provides 
seven case studies which show the exact methods used for conducting 
streamlined life cycle assessments. Finally, a series of initiatives are proposed 
for creating more sustainable built environments in the future. This will 
involve some very challenging choices and this book will play a signifi cant part 
in that process.

Stephen Pullen
University of South Australia, Adelaide

July 2010



 



 

Preface

The need for a detailed understanding of the impact that human activity has 
on the environment, in order to make more sustainable choices, is becoming 
more important as an awareness of the broad environmental issues that 
society is currently facing grows. With the construction and operation of the 
built environment (our buildings and infrastructure) responsible for a 
signifi cant proportion of these impacts, those involved across all stages of the 
built environment life cycle must be armed with the tools and knowledge 
needed to signifi cantly improve its environmental performance. This is 
essential if we are to avert potentially catastrophic environmental damage 
and the threats to our very survival that this may bring.

This book came about by the need to address some of the limitations of 
existing approaches for assessing the environmental performance of the built 
environment. It brings together much of my own work in the development 
and application of hybrid life cycle assessment over the past ten years. More 
broadly, there has been considerable work done in this area, particularly over 
the last two decades, with little more signifi cant than that of the late Associate 
Professor Graham Treloar who, as a passionate advocate for sustainable 
construction, developed an innovative approach for comprehensively 
quantifying the environmental impacts caused by, amongst other human 
activities, the construction of the built environment. This book is an attempt 
to continue and extend this work as well as make it more accessible to the 
decision makers in the global construction industry, so that we may collectively 
work towards a more sustainable approach to building, operating and 
managing the built environment.

The book begins by describing some of the key environmental issues that 
we are currently facing and how the built environment is responsible for a 
signifi cant proportion of the impacts that humans are having on the 
environment. Chapter 2 addresses some of the approaches and strategies that 
must be employed in order to slow down and ultimately reverse the 
environmental damage associated with the design, construction and on-going 
use and management of the built environment and justifi es the importance 
and need for environmental assessment as an integral part of this process. The 
stages involved in conducting a life cycle assessment are described in detail in 
Chapter 3. A more specifi c description of the application of life cycle assessment 



 

xx Preface

within the built environment is provided in Chapter 4, using a single detached 
residential building as a case study to demonstrate the potential benefi ts and 
limitations of using life cycle assessment to inform better environmental 
outcomes within the design and management of the built environment. 
Chapter 5 presents some further life cycle assessment studies on a range of 
built environment case studies, ranging from whole buildings, building 
components, transport infrastructure and renewable energy technologies. 
The fi nal chapter discusses the role that some of the key stakeholders in the 
built environment must play in helping to improve the environmental 
performance of the built environment. It also highlights some of the current 
barriers for achieving this, including some of the limitations of current 
environmental assessment approaches and how, in the future, these may be 
minimized. Finally, the importance of the integration of environmental 
assessment into everyday industry practice, and how this may help the 
professionals involved in the design, construction and on-going management 
of the built environment realize the full potential of environmental 
improvement opportunities, is discussed.
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1 Global environmental issues and 
the built environment

‘If we do not change our direction, we are likely to end up where we are 
headed.’

Chinese Proverb

As members of the human race we are facing one of the, if not the, greatest 
challenges that we have ever had to face. Evidence now exists to support the 
fact that human activity is having a dramatic and potentially irreversible effect 
on the ecological systems that support our very existence. The current way of 
living in many countries around the world is responsible for immense adverse 
impacts on the natural environment. These impacts continue to increase 
despite a growing awareness and recent attempts at their mitigation. An 
increasing demand for the world’s resources (particularly from developing 
countries), partially fuelled by a rapidly increasing population, and our 
technological- and consumerism-based societies are some of the main reasons 
why these impacts are a growing concern.

Almost all human activity results in impacts on the natural environment. 
Many of these impacts have the potential to result in long-term environmental 
degradation, with associated consequences for human health and, potentially, 
our very survival. These impacts stem from current human activities and the 
processes that we rely on to meet our current needs and standards of living 
and include climate change, the depletion of natural resources, the generation 
of waste and the release of pollutants into the environment.

Addressing the potential impacts of climate change is currently one of the 
most pressing issues, with evidence suggesting that these impacts may have a 
critical effect on both natural and human systems (IPCC 2007a). Humans, like 
many other Earth-based creatures, are highly susceptible to minor variations 
in climate. Rising sea levels caused by melting ice caps and the expansion of 
sea water through carbon dioxide absorption has the potential to wipe out 
thousands of people and habitats, particularly in low-lying regions of the 
world. Increased drought, rainfall and storm frequency has signifi cant 
potential to displace millions of people and restrict access to some of the 
necessities for human survival, such as food and water. An increase in extreme 
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temperatures, already being evidenced in many parts of the world in recent 
years, has the potential to contribute to an increase in human mortality.

Our reliance on fossil-fuel-based energy systems in particular has been 
shown to be one of the driving forces behind the rapidly increasing levels of 
certain greenhouse gases in the atmosphere, leading to global warming and 
the many and varied consequences of a changing climate. Also, our current 
rate of consumption of many of the Earth’s resources and the practices we use 
to extract or remove them from the ground are rarely sustainable. Many of 
these resources cannot be naturally replenished at the same rate at which 
they are being consumed and traditional extraction and removal practices are 
also contributing to considerable environmental degradation.

The built environment alone is responsible for a signifi cant proportion of 
these impacts, which result from not only the operation or use of buildings 
and other infrastructure but also from the extraction of raw materials right 
through to their eventual disposal. In order to alleviate many of the 
environmental issues that humans are currently facing, the built environment 
must be central to any environmental improvement efforts.

This chapter provides the background to some of the current environmental 
issues and their signifi cance and establishes the context for the use of life cycle 
assessment (LCA) in the built environment. It will introduce the various systems 
and products that form the built environment (with a particular focus on 
buildings), the life cycle stages of the built environment and the most 
signifi cant environmental impacts attributable to its construction and 
on-going operation.

1.1 Global warming and climate change

The current global warming trend and the potential catastrophic impacts that 
this may have on the Earth and its inhabitants is the most signifi cant and 
challenging threat to its existence that the modern human race has ever had 
to face. Human-induced global warming is the result of increased 
concentrations of human-produced greenhouse gases in the atmosphere. 
Greenhouse gases absorb and emit solar radiation and the rate at which this 
occurs has an infl uence on global temperatures. As these gases build, the 
ability for long-wave heat to escape from the Earth is reduced, thus increasing 
the temperature of the air within our atmosphere (Figure 1.1).

Whilst certain levels of greenhouse gases are essential for maintaining air 
temperatures necessary for life on Earth, much of this life as well as many of 
the Earth’s ecosystems are highly susceptible to even minor temperature 
variations. The most common greenhouse gases in the Earth’s atmosphere are 
water vapour (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
ozone (O3) and chlorofl uorocarbons (CFCs). Other than water vapour, which is 
not signifi cantly affected by human activity, concentrations of carbon dioxide 
in the atmosphere contribute the greatest to global warming. While the 
global warming potential (GWP), or ability of a gas to contribute to global 
warming, of carbon dioxide is much less than for other greenhouse gases such
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Source: UNEP/GRID-Arendal 2002.1

Figure 1.1 The process of global warming

as methane (with a GWP 25 times that of CO2) and nitrous oxide (with a GWP 
298 times that of CO2) (IPCC 2007b: 212), its abundance means that it is the 
most signifi cant human-infl uenced contributor to global warming.

Many of these greenhouse gases exist naturally in the atmosphere and are 
produced from the Earth’s ecosystems. The atmospheric concentrations of 
greenhouse gases from the Earth’s natural processes had remained relatively 
constant for at least the last 10,000 years prior to the industrial era (IPCC 
2007b). Since these pre-industrial levels, concentrations of carbon dioxide, in 
particular, have increased by at least 38 per cent, from 280 parts per million 
(ppm) (IPCC 2007b) to the 2009 global annual average of 387 ppm (Tans 2010), 
as seen in Figure 1.2.

The greenhouse gases contributed through human activity are known as 
anthropogenic emissions. Human activities that contribute the greatest 
include the burning of fossil fuels, clearing of land and forests, certain farming 
practices (such as the use of fertilizers), industrial processes and waste 
decomposition. As Figure 1.3 shows, fossil fuel use was the single largest 
contributor to global anthropogenic greenhouse gas emissions in 2004.

Energy is a basic requirement of current human civilizations, a central 
necessity for many industrial processes and transportation systems, and crucial 
for the provision of amenities such as heating and lighting in our buildings. 
The emission of greenhouse gases at the power stations used to produce this 
energy accounts for 25.9 per cent of global greenhouse gas emissions. Industry
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Figure 1.2 Global trend in atmospheric carbon dioxide (CO2) concentrations
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Figure 1.3 Global anthropogenic greenhouse gas emissions, 2004

is responsible for the next largest proportion of emissions at 19.4 per cent. 
Figure 1.4 shows the total global greenhouse gas emissions by sector for 2004.

The Intergovernmental Panel on Climate Change (IPCC) has suggested that 
global temperature increases, very likely to be as a result of an escalation in 
anthropogenic greenhouse gases in the atmosphere, have been occurring at a 
rate of 0.13°C per decade since the middle of the twentieth century (IPCC 
2007b). While this rate of average annual temperature increase may not be
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Figure 1.4 Global greenhouse gas emissions by sector, 2004

that noticeable to humans, this level of temperature variation can lead to 
signifi cant changes in the Earth’s physiological and biological processes. There 
is also a complex interrelationship between air temperature and other climatic 
processes. For example, it is suggested that the increasing concentration of 
greenhouse gases in the atmosphere and the resultant increases in global 
temperatures are also leading to a rise in sea levels, severe fl ooding and 
droughts, an increased frequency and intensity of extreme weather events 
and an increased incidence of disease (IPCC 2007a). These changes have 
signifi cant potential to result in catastrophic consequences for millions of 
people living in the most susceptible regions of the world, particularly those 
in low-lying and tropical areas.

Health consequences for millions of elderly and young people could be 
immense, with recent extreme temperature events like those in Melbourne, 
Australia in January 2009 responsible for an up to 62 per cent increase in 
mortalities during these periods (Cooper 2009). The World Health Organization 
predicts that as many as 154,000 deaths in the year 2000 were attributable to 
climate change and that this annual death rate could double by 2020 (WHO 
2002).

With an increasing global population comes an increase in demand for 
energy, food and water, caused also by an increasing standard of living in 
many developed countries and industrial expansion in developing countries 
(such as China and India). Without signifi cant reductions in global greenhouse 
gas emissions, the effects of global warming will continue to impact on our 
everyday lives and potentially, and most importantly, our very existence. In 
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recent years, the awareness of this challenge has grown. However, our current 
way of living, particularly in the Western world, must change if we are to 
avert the potential threats that are posed by climate change. Moderate 
reductions in greenhouse gas emissions will not be enough to combat and 
reverse the damage being done and that which has already occurred. An 
increasing world population (by approximately 80 million people per year 
(Central Intelligence Agency 2009)) and the further expansion of previously 
under-developed countries and the associated increasing demand for natural 
resources and energy that this brings all threaten to undermine any efforts 
being made to reduce global greenhouse gas emissions.

Collectively, we must strive for signifi cant reductions in greenhouse gas 
emissions if we are to avert many of the predicted consequences of climate 
change. Hansen et al. (2008) suggest that the atmospheric carbon dioxide 
concentration levels must be at least as low as 350 ppm. Many leading scientists 
consider that long-term concentrations above this level would be potentially 
catastrophic (Hansen et al. 2008; Rockström et al. 2009). With current carbon 
dioxide concentrations at 387 ppm (Tans 2010), it is predicted that a reduction 
to 350 ppm would only be achievable through a global carbon dioxide 
emission target of at least 45 per cent below 1990 levels by 2020. This would 
result in only a 7 per cent probability of a 2°C temperature increase above 
pre-industrial levels rather than the 50 per cent chance based on an emissions 
stabilization level of 450 ppm (Meinshausen 2006).

1.2 Pollution

There are many human activities that produce pollutants which are released 
into the environment in large quantities, polluting the soil, air and water. 
These pollutants are released from modern energy-generation processes 
(coal-, gas- and petroleum-based); from refi ning and processing of raw 
materials to form construction materials (such as steel and cement); from 
industrial processes; and from the leaching of hazardous chemicals and 
contaminants from the waste disposed of in landfi lls, sewerage treatment 
plants and other waste disposal sites. These pollutants, particularly when in 
high concentrations, can have a signifi cant impact on human health, the 
natural environment and local ecosystems.

The extraction of natural resources and many industrial processes are 
responsible for the release of a considerable quantity of these pollutants into 
the environment and signifi cant contamination of waterways and soil. The 
release of chemicals and other pollutants into waterways may lead to 
signifi cant eutrophication effects, whereby the concentrations of certain 
substances become higher than the natural balanced state (Smith et al. 1999). 
These concentrations of minerals and pollutants in water supplies can have 
considerable health implications for those that rely on this water for survival. 
The biological imbalance can also be detrimental to organisms and marine life 
that live in these waterways, causing indirect impacts on those that might rely 
on these for food (Asonye et al. 2007). For example, the 90 million tonnes of 
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waste rock and tailings released annually from the Ok Tedi Mine in Papua 
New Guinea (OTML 2003), as well as the 1984 collapse of the dam system built 
to fi lter out much of the heavy metal contaminants, has caused signifi cant 
contamination of the Ok Tedi River, surrounding waterways and agricultural 
land. This has in turn killed or contaminated the fi sh in the river system and 
left large quantities of contaminated mud on the land used to grow food 
consumed by the local population.

For many countries around the world, pollution of water sources represents 
a signifi cant environmental concern. For example, in Australia nitrogen 
(particularly from fertilizers) represents the single largest quantity of emissions 
to water sources with over 32,000 tonnes released into the environment on an 
annual basis. The next four substances representing the greatest quantity of 
emissions released to water for Australia in the 2006–07 year are shown in 
Figure 1.5. This is also indicative of the main emissions of nutrients and other 
hazardous substances to water sources for many other parts of the world (see 
for example, European Environment Agency 2010).

The particulates released from industrial processes as well as other sources, 
such as the combustion of fossil fuels, are also a major source of air pollution 
and result in considerable human health impacts. In many industrialized cities 
around the world, smog produced from the concentration of signifi cant 
quantities of car exhaust and industrial process emissions is visible evidence of 
the impact that human activities are having on the environment. This smog 
can cause respiratory problems in humans and has been linked to the increased 
occurrence of respiratory infections and asthma for people living in cities 
(WHO 2002).

The major source of pollutant emissions from human activity is the 
generation of electricity from fossil fuels. Of the harmful pollutants being 
released into the atmosphere and environment from electricity generation,
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Figure 1.5 Top fi ve emissions to water for Australia, 2006–07
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the release of sulphur dioxide to the air makes up by far the largest proportion, 
at 49 per cent (DEWHA 2010). Sulphur dioxide in particular can have signifi cant 
impacts on land and water ecosystems by increasing the acidity of these 
environments as a result of acid rain. However, in industrialized countries, 
carbon monoxide emissions from fuel-reduction burning, wildfi res and motor 
vehicles can also represent a signifi cant proportion of total pollutant emissions 
(DEWHA 2010).

1.3 Resource depletion

The Earth contains an abundance of natural resources, including minerals, 
water, land and air. The value that we as humans place on these resources 
depends on their availability, accessibility, usefulness and our necessity for 
them. Fresh water, for example, is essential for maintaining human life and it 
is crucial to our very existence that we do not interfere with the Earth’s ability 
to provide us with a clean, reliable supply.

Generally, these natural resources are used to sustain human life (water and 
food), for energy generation (coal, natural gas and petroleum) or to produce 
more complex products or materials (iron ore, petroleum, bauxite, limestone, 
timber etc.). Many of these resources are unable to be naturally replenished 
by the Earth at anything like the rate at which humans are currently consuming 
them and are thus considered to be ‘non-renewable’ or ‘fi nite’. Once these 
non-renewable resources have been exploited, or at the point where they 
become considered too costly or diffi cult to extract from the Earth, we will 
have no choice but to look for or develop alternative solutions to meet our 
needs. The wasteful and excessive consumption of natural resources is a habit 
that was developed at a time when resources were considered to be in 
abundance. Reserves at the time were not thought of as being in danger of 
exhaustion. More recently, increases in population and per capita consumption 
have brought us much closer to the point where the depletion of many of the 
Earth’s resources is imminent.

Human activities, such as the construction and operation of buildings and 
other human-made infrastructure and the manufacture of consumer goods, 
consume considerable quantities of natural resources. For example, globally 
over 2.2 billion tonnes of iron ore is extracted from the ground on an annual 
basis (US Geological Survey 2009: 81), primarily to produce steel that is used in 
constructing the world’s buildings, bridges and other infrastructure. Total 
current accessible iron ore reserves are estimated at 150 billion tonnes (US 
Geological Survey 2009: 81) and it is estimated by Brown (2006: 109) that this 
equates to only another 64 years worth of reserves based on an annual growth 
rate in extraction of 2 per cent. This fi gure could be seen as extremely 
conservative considering that continuing demand from China and India in 
particular are likely to drive growth in iron ore extraction rates well beyond this.

As the world’s population increases and many previously under-developed 
countries (such as China and India) invest heavily in infrastructure, demand for 
natural resources continues to grow. Because natural resources are used to 
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make many of the things that we consume, population and consumption are 
intrinsically linked and inevitably lead to an increase in total resource 
consumption. Resources already facing imminent depletion are at even 
greater risk of being exploited much sooner than has been previously 
predicted. This makes the need to shift to a more sustainable level of 
consumption and way of living even more urgent if we are to have any hope 
of maintaining the planet in a state that is liveable for future generations.

The extent of the impacts associated with the depletion of resources is 
dependent on whether or not we are able to fi nd alternative means of meeting 
human needs before these resources are depleted. If our rate of consumption 
continues on its current path, and alternative resources or technologies are not 
found in time, human civilizations may face a resource, economic and social 
crisis. Many of the easily and economically accessible non-renewable resources 
on which we heavily rely are predicted to be exhausted within the next 100 
years (CIRCA 2008). For example, it is predicted at current consumption rates 
that there is less than 50 years of proven oil reserves remaining (CIRCA 2008; BP 
p.l.c. 2010). However, with consumption increasing, these reserves too may in 
fact be depleted much sooner than these fi gures might suggest. Other than the 
potential consequences associated with exhausting the Earth’s resource reserves, 
there are also considerable environmental impacts that result from the mining, 
harvesting and resource-extraction processes. Ecosystems are destroyed, fossil 
fuels are consumed by machinery and for transportation and associated 
greenhouse gases are released into the atmosphere, waste is generated and 
water sources are contaminated.

Land is also one of the most valuable resources available on Earth as it is 
essential for providing food for human consumption, for harnessing renewable 
energy (solar, wind, biomass etc.) and growing timber. The destruction or 
depletion of this land resource is occurring through the contamination of 
soils, salination, depletion of nutrients through over-farming, acidifi cation 
and its general over-use in response to providing housing and food for the 
world’s expanding population.

WORLD POPULATION

The global population has grown exponentially over the past several centuries, 
doubling in the past 40 years alone to 6.8 billion people (Central Intelligence 
Agency 2009) (Figure 1.6). Currently, the global population growth rate is 1.18 
per cent per annum, equivalent to 220,980 people per day. Even if signifi cant 
reductions in resource consumption and greenhouse gas emissions are achieved, 
the rate at which global population is increasing (particularly in developing 
countries such as India and China) will mean that any effi ciency improvements, 
cleaner production processes and conservation strategies may be offset by the 
increasing demand for global resources, energy and water from this rapidly 
growing population. Herein lies a considerable opportunity to re-think how we 
might meet the needs for shelter, food, energy and water, of both current and 
future generations.
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Figure 1.6 World population growth

1.4 Production and disposal of waste

Human activities generate enormous quantities of waste that is often 
incinerated or discarded in landfi ll sites, with a small proportion of this 
recovered for other uses (for example, as a fuel for industrial processes or as a 
raw material for new materials or products). As countries become more 
developed, standards of living and demand for goods and services rise. This, 
together with a rising population, generates an increasing quantity of solid 
and hazardous waste that must be disposed of or treated.

Waste production occurs across every sector, from mining, agriculture, 
manufacturing, energy production, construction and within households. The 
proportion of waste disposed of in landfi ll varies considerably between 
countries. Waste disposal and storage is a much greater issue in countries 
where land is at a premium. Disposing of waste in countries where available 
land is, or will one day become, much more scarce can have implications for 
competing land uses, such as food production, energy generation or housing. 
In areas such as these, waste is often incinerated, releasing greenhouse gases 
such as methane and carbon dioxide as well as other potentially dangerous 
gases and toxic substances into the atmosphere. This is the case in many 
European countries and countries where land is in high demand for other uses 
(such as Japan).

In countries such as Australia and Ireland, where undeveloped land is in 
much greater abundance and therefore the value placed on it is not often as 
great as in some other countries, incineration of waste rarely occurs. Figure 
1.7 shows the proportion of produced municipal waste that is sent to landfi ll, 
incinerated or recycled in selected OECD countries.

Soil, building rubble (such as bricks and concrete from demolished buildings), 
food scraps and garden waste make up the largest proportion of total waste



 

Global issues and the built environment 11

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Netherlands

Japan

Denmark

Germany

France

USA

Australia

Ireland

UK

Iceland

Landfill Incineration Recycling Other/unknown

Source: Based on data from OECD 2005.

Figure 1.7 The treatment of municipal waste in selected OECD countries, 2003
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Figure 1.8 The composition of waste disposed to landfi ll in Victoria, Australia, 2002–03

that ends up in landfi ll in many developed countries, as evidenced for the 
State of Victoria, Australia in Figure 1.8.

The waste produced from the construction and demolition (C&D) sector 
often represents the largest proportion of generated waste in many countries. 
For example, in Australia C&D waste represents 42 per cent of generated 
waste, of which 43 per cent is disposed of in landfi ll (DEH 2006: 8). Municipal 
(27 per cent) and commercial and industrial waste (29 per cent) account for 
the remainder (DEH 2006: 8; Productivity Commission 2006).

In light of a growing awareness of the potential environmental impacts of 
waste production and disposal, signifi cant attempts are being made across the 
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world to minimize these impacts by diverting waste materials from landfi ll to 
be reused or reprocessed for other uses or in new materials and products. 
Waste recovery minimizes the requirement for landfi ll and incineration, and 
their associated environmental impacts, and reduces demand for virgin raw 
materials. In many countries, this rate of waste recovery has been increasing 
over the past decade as new sorting processes and reprocessing technologies 
are developed. The rate of waste recovery varies considerably by country, 
ranging from less than 10 per cent (e.g. in Iceland) to close to 60 per cent (e.g. 
in countries like Germany and The Netherlands) of all waste produced (Figure 
1.7). As an example of the rate at which waste recovery has been increasing 
over recent years, in Victoria, Australia, the waste recovery rate has increased 
from 40 per cent to 62 per cent between 1997 and 2007 (Figure 1.9). The most 
signifi cant increases in recovery rates have been seen where the cost of waste 
disposal by traditional means has increased (directly through additional taxes 
or indirectly through the higher value put on land, for example). This has 
meant that the value of certain waste materials has increased through a 
closing of the gap between the costs of traditional disposal methods and 
typically more cost-intensive recycling practices.

Where the waste associated with the construction and demolition (C&D) of 
buildings and built environment infrastructure is recovered for recycling, 
concrete can typically account for at least half of the recovered materials by 
weight (Figure 1.10) (Sandler 2003; Sustainability Victoria 2008).

While the generation of waste is not a direct environmental impact in itself, 
the disposal and treatment of this waste can have signifi cant environmental
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Figure 1.9  Waste generation and recovery rates for Victoria, Australia, 1993 to 
2006–07
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Figure 1.10  Composition of construction and demolition waste (by weight) recovered 
for reprocessing in Victoria, Australia, 2006–07

consequences. A considerable proportion of the waste disposed of in landfi ll 
is inert and one of the most obvious environmental consequences of its 
disposal is the land that this takes up. Even more harmful to the environment 
is waste that contains toxic or hazardous substances or high concentrations of 
chemicals or heavy metals. These substances can leach into the surrounding 
environment, causing long-term and potentially irreversible changes to local 
ecosystems, contaminating water supplies and potentially poisoning humans 
and wildlife. Many of the organic materials disposed of in landfi ll sites also 
release large quantities of greenhouse gases, such as methane and carbon 
dioxide, as they decompose. These gases are either stored in the soil or 
released to the atmosphere where they may contribute to global warming. 
The incineration of waste can also have signifi cant environmental and human 
health consequences through the emission of hazardous gases and particulate 
matter that are released during the process, although fi lters can be used to 
help minimize or prevent the release of these contaminants into the 
environment.

Despite a gradual increase in the rate of waste material recovery worldwide, 
the quantity of waste that is generated continues to increase, as shown in 
Figure 1.9 for Victoria, Australia. This increase in waste production is due to 
both population and economic growth and it is predicted that this growth will 
continue into the future (OECD 2008). This increase in waste generation is a 
direct indication of an increasing rate of resource consumption. Like many of 
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our current attempts to reduce the environmental impacts from human 
activities, our current efforts at waste reduction are at best only slowing down 
the problem, rather than resulting in any net reduction in the quantity of 
waste being generated. Signifi cant improvements and changes in current 
design practices, material selection, construction techniques and materials-
recovery processes will be necessary if we are to considerably reduce the 
impacts on the environment from the treatment and disposal of waste. Even 
then, the billions of tonnes of waste already existing in the environment will 
continue to impact on our lives and the Earth’s ecosystems for many decades 
to come.

1.5 The built environment

The built environment includes a diverse range of human-made infrastructure 
systems, including buildings, transport networks (roads, bridges, railways etc.) 
and utilities (water, power, telecommunications etc.). These systems are 
considered necessary for human survival, particularly in urban areas inhabited 
by large populations. Without these systems, large cities would cease to 
function and human health and survival would be signifi cantly jeopardized.

Buildings are by far the most complex element within the built environment, 
often involving a combination of dozens of different materials, components 
and systems. They must provide a comfortable environment for human 
occupants and serve a broad range of functions (housing, offi ces, factories, 
hospitals, education facilities and so on). Throughout history, buildings have 
adapted to climatic conditions, for functional reasons or for aesthetic and 
cultural reasons, due to the availability of materials and due to technological 
advances, but their primary purpose is to provide shelter from the weather for 
their inhabitants.

The construction of any human-made structure requires some form of 
natural resources from the Earth. Buildings also require resources to control 
human comfort, such as energy for heating, cooling and lighting, and to 
provide basic essential services such as pipelines for the provision of water and 
disposal of waste. With these requirements for natural resources comes a 
range of environmental impacts, which occur across the life of a building.

It is estimated that, worldwide, the operation of buildings alone accounts 
for up to 40 per cent of total global energy demand, resource consumption 
and greenhouse gas emissions (OECD 2003). This excludes the resources, 
energy and emissions associated with the manufacture of materials and 
construction of buildings, which can be as signifi cant as the operational 
demands. Building materials are sourced from a wide range of industries, 
where manufacturing processes often result in a large consumption of 
resources and energy and release of emissions. This consumption and these 
emissions, and their related environmental impacts, can be directly attributed 
to the construction of buildings, because without the demand for these 
resources by the construction industry, the associated impacts would not 
otherwise occur.
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Buildings are also responsible for a considerable proportion of global water 
consumption, waste production and release of pollutants to the environment. 
For example, it is estimated that around 12 per cent of global fresh water 
consumption is used within buildings (US Geological Survey 2005). In addition 
to this, signifi cant quantities of water are also required during the manufacture 
of building materials and during the construction process (for the production 
of concrete, for example).

1.5.1 The built environment life cycle and its related environmental 
impacts

Systems or elements within the built environment, such as buildings, typically 
last many decades and sometimes many hundreds of years. During this time, 
these systems go through a range of life cycle stages from the extraction or 
acquisition of the raw materials required for their initial construction through 
to their eventual demolition and disposal, as depicted in Figure 1.11 for 
buildings.

Environmental impacts occur across each of the different stages of the built 
environment life cycle and relate to the extraction of raw materials from the 
earth, processing and manufacturing of building materials, the construction 
process, operation or use, maintenance and repair, refurbishment and 
eventual disposal or reuse of materials. Natural resources, energy and water 
are consumed, greenhouse gas emissions and other pollutants are released 
into the environment and waste is produced across each of these stages. The

Figure 1.11 Stages involved in the building life cycle
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environmental impacts resulting from these resource requirements and the 
production of emissions and waste vary both temporally and spatially and are 
dependent on a range of factors, such as production methods, source of raw 
materials and fuel types used, to name only a few.

1.5.1.1 Raw material extraction

All elements within the built environment, such as buildings and infrastructure 
systems, require raw materials from the earth to make the materials used in 
their construction. These raw materials (such as iron ore, limestone, bauxite, 
copper, timber and petroleum) are extracted from the earth and processed 
using a variety of technologies into more useful forms to be used as building 
or construction materials (such as steel, cement, aluminium and plastics). The 
continued extraction of non-renewable resources such as iron ore and 
petroleum will eventually lead to their depletion, unless alternative solutions 
for meeting our resource demands are found (Meadows et al. 1972; Daly 
1990).

The extraction of raw materials from the earth not only results in the 
eventual depletion of those natural resources but also involves the consumption 
of considerable quantities of energy and water as well as the release of 
emissions and pollutants. Mining operations rely on fossil-fuel-based energy 
to power equipment and machinery that is used during the mining process 
and also to operate the transport equipment and infrastructure necessary to 
transport these raw materials to their place of processing or use. Environmental 
impacts result from the production and use of this fuel in the form of 
greenhouse gas emissions and release of other pollutants, such as carbon 
monoxide, into the atmosphere.

The environmental impacts of mining continue long after the mining 
process has taken place. Tailings are a waste by-product of the mining process 
and their disposal can have signifi cant environmental consequences, 
potentially contaminating the surrounding environment, including local 
water supplies, with unnaturally high concentrations of chemicals and 
minerals. Many mining operations use chemicals to assist in the separation of 
valuable ores from the waste materials and these chemicals remain as residues 
in the tailings materials for many years. Other impacts of the mining process 
include erosion and a loss of biodiversity, particularly where large areas of 
land are cleared for open-cut mines or in harvesting timber from forests.

1.5.1.2 Manufacturing

RAW MATERIAL PROCESSING AND BASIC MATERIAL MANUFACTURE

This stage of the built environment life cycle involves taking the raw materials 
and converting them into basic building materials, such as steel and cement. 
The manufacture of construction materials involves many complex processes. 
For example, iron ore extracted from the ground undergoes a number of 
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chemical processes and is combined with a number of other elements (such as 
carbon) to form steel.

The raw material processing stage is one of the most energy-intensive 
processes involved in the manufacture of many materials. For example, the 
energy required to produce cement represents at least 65 per cent of the 
energy required to manufacture concrete (Zapata and Gambatese 2005). Also, 
the electric arc furnaces used in steel making require signifi cant quantities of 
electricity to operate (Jones et al. 1998). Most often, this energy is fossil-fuel-
based and its production releases signifi cant quantities of greenhouse gases 
into the atmosphere. These processes can also generate large quantities of 
waste materials that, if not managed appropriately, can also contaminate the 
surrounding environment.

MANUFACTURE OF CONSTRUCTION COMPONENTS

Materials such as steel and concrete in their basic form, and often combined 
with other materials, are then used to manufacture construction elements 
such as structural supports (for example, reinforced concrete columns and 
beams), cladding, fi nishes and services that are used within the built 
environment. Sometimes the processing and product manufacturing stages 
are combined and the manufacture of the fi nished product follows immediately 
after and is actually part of, the raw material processing stage (e.g. for glass 
and bricks where the basic raw material, after being produced, is immediately 
formed into the fi nished product).

The manufacturing stage may involve further material processing (for 
example, sawing of timber into the appropriate shapes and sizes required for 
construction), the addition of other constituents (aggregates and water added 
to cement to make concrete) or forming and fabrication (for example, turning 
basic steel in roll form into corrugated roof sheeting products). The 
manufacturing stage may also involve a level of prefabrication of built 
environment components. Products made from a number of different 
materials, such as windows, pre-cast concrete or composite wall panels, may 
require individual materials to be fi xed to one another to form the fi nished 
product before the construction process commences.

As for the materials processing stage, the processes involved in converting 
basic materials into more complex and useable products and components can 
have a considerable impact on the environment. Industrial processes typically 
require signifi cant quantities of energy and water. Whilst some industries 
have taken a proactive approach to utilizing energy from renewable sources, 
the majority of this energy is fossil-fuel-based, generating greenhouse gas 
emissions and releasing other pollutants into the environment. Industry is also 
beginning to become much more proactive in conserving water resources, a 
move that has been heavily infl uenced by the current drought conditions in 
many parts of the world, particularly in Australia where it is estimated that 
recent improvements in water effi ciency, including increased reuse or recycling 
of process water and the collection and use of rainwater, has resulted in up to 
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a 41 per cent reduction in industrial fresh water demand (DSE 2010). The 
water used during manufacturing processes typically draws upon resources 
used for human consumption. In countries like Australia, a large proportion of 
this water is recycled; however, the treatment of this water for recycling or 
disposal has an impact on the environment through the chemicals that are 
used in these treatment processes.

The majority of the considerable quantities of waste often generated by 
manufacturing processes have traditionally been disposed of in landfi ll. 
However, as resource values continue to increase, much of this waste is now 
being recovered for reuse in the manufacturing process.

1.5.1.3 Construction

Manufactured building elements are combined on site during the construction 
stage to form a part of the built environment, whether it is a building or other 
infrastructure system. Various technologies and processes are used during this 
construction stage which in itself results in a range of additional environmental 
impacts. As for every other stage of the built environment life cycle, energy 
and water are consumed and waste is produced.

The transportation of building materials and components to the construction 
site is generally performed by trucks which require fossil fuels to operate. 
On-site construction processes require energy, usually in the form of electricity, 
to power electrical tools and operate machinery and other equipment. The 
construction process can also consume considerable quantities of water, 
mainly for cleaning, concrete curing and dust suppression. Typical construction 
processes also generate a considerable quantity of waste due to human error, 
accidental damage, off-cuts and the common practice of ordering surplus 
materials to allow for wastage. A signifi cant proportion of these waste 
materials is traditionally sent to landfi ll and can contribute to soil and water 
contamination on these sites. However, a considerable quantity of the waste 
materials that would have otherwise been sent to landfi ll is now being 
recovered and recycled. This is highly evident in countries such as Australia, 
where around 57 per cent of construction waste is recycled (DEH 2006).

1.5.1.4 Operation and maintenance

OPERATION AND USE

Once elements of the built environment are constructed, they enter their 
operation or use stage. The different components of the built environment 
have varying requirements and impacts during this stage. One of the basic 
requirements for the operation of many components of the built environment 
is energy. Energy is required to power lighting systems and control signals for 
road and rail infrastructure, to power pumps and control systems for 
distributed water, electricity and telecommunications networks and to provide 
heating, cooling, lighting, hot water and power to buildings. Generally, this 
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energy is provided from fossil-fuel-based sources. In recent years there has 
been a gradual increase in the use of solar electric systems for the provision of 
lighting in public places and to provide the energy required to operate 
buildings. However, worldwide, 86 per cent of energy consumption is still 
provided by fossil fuels (EIA 2008a) and this consumption results in 
approximately 30,000 Mt of greenhouse gas emissions per annum (EIA 2008b). 
There have been concerted efforts to improve the energy effi ciency of building 
operation for many years now. These efforts focus on improving thermal 
performance, a major component of passive solar design where buildings are 
designed and oriented to maximize the benefi ts of local climatic conditions; 
public awareness campaigns to direct behavioural change; and improving the 
energy effi ciency of appliances and systems within buildings through design 
and technological development.

Water use in buildings can also be signifi cant, particularly for the operation 
of cooling systems and for cleaning, washing and drinking. Considerable 
effort, particularly in countries experiencing severe drought conditions, has 
been placed on improving the water effi ciency of building operation. While 
energy-effi cient design and appliances have been a focus for building 
designers for a number of years now, the effi cient use of water within 
buildings is a much more recent concept. Appliances with greater water 
effi ciencies, low-fl ow taps and waterless urinals all help to reduce the water 
consumption and associated environmental impacts of buildings. Systems that 
treat and recycle the water that is used are also being integrated into many 
building projects. These systems maximize the use of the valuable water 
resource, whilst minimizing reliance on fresh water. Many recent building 
projects around the world – such as the City of Melbourne’s new offi ce 
building, Council House 2 (CH2) – have shown that it is possible to reduce 
mains water consumption by as much as 72 per cent (City of Melbourne 2009).

Another important environmental issue relating to the operation of the 
built environment, and particularly buildings, is the quantity of waste that is 
generated during this stage. This includes human waste, food waste, paper, 
packaging and other wastes associated with the particular practices occurring 
within the building that may be part of specifi c manufacturing or industrial 
processes. For typical offi ce buildings, for example, over 50 per cent and up to 
72 per cent of this waste is paper which is either sent to landfi ll or recycled 
into new paper-based products (ABC 2010; WasteCap 2010). When sent to 
landfi ll, the anaerobic decomposition of this waste paper can result in soil and 
water contamination through the leaching of chemicals and other pollutants 
used in its production.

MAINTENANCE AND REPAIR

This stage of the built environment life cycle involves the maintenance of 
materials, systems and components of buildings or infrastructure in order for 
them to continue to perform or operate in the safe, effi cient and reliable 
manner initially intended. Maintenance also involves periodic cleaning and 
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replacement of consumable components such as air conditioning fi lters and 
light fi ttings. Repairs are carried out during the life of these systems as their 
necessity arises due to damage or deterioration. Re-painting is generally 
performed on a regular basis, particularly to protect weather-exposed 
elements in order to prolong their life and physical appearance. Regular 
inspection of buildings and infrastructure systems is a necessity to ensure that 
their components do not become beyond repair. This can lead to a reduced 
life expectancy of these components or even whole buildings or systems and 
even catastrophic failure: for example, where structural integrity or 
functionality is compromised. Insuffi cient maintenance regimes may not only 
have safety and operational implications for the occupants of the built 
environment; they may also lead to increased environmental impacts through 
the replacement of components earlier than anticipated, thus consuming 
more resources than would otherwise have been necessary.

Damaged or replaced materials and components must be disposed of, often 
in landfi ll. Items such as light fi ttings can contain hazardous chemicals, 
including mercury, that when disposed of in landfi ll can contaminate the 
surrounding environment and water sources. The less durable these 
components are, the more frequent is their replacement and the greater the 
amount of waste generated. New components must also be used to replace 
those that have been discarded, and the manufacture of these results in even 
further demand for resources and environmental impacts. In addition, 
hazardous chemicals are often used for cleaning buildings. These chemicals 
can make their way into the environment, having serious implications for 
human health and local ecosystems (Goodman 1974).

REFURBISHMENT

Building or infrastructure refurbishment often occurs once a building or 
infrastructure system is considered to have come to the end of its useful life or 
its individual elements are considered obsolete or beyond repair. Refurbishment 
allows a building or infrastructure system to be kept or reused rather than 
demolished. Refurbishment of buildings is common where the structural 
integrity of the main structure remains but technological, functional, safety or 
market developments warrant changes to the building fabric, services or 
fi nishes. The refurbishment of buildings ranges from very minor – such as 
replacement of carpets, re-painting and re-confi guration – to major, such as 
extensions, conversion to an alternate use or completely stripping the building 
back to its main structure and re-cladding and re-fi tting it.

As with initial construction, environmental impacts during the refurbishment 
stage result from the manufacture and installation of materials and 
components that are used to replace deteriorated or unwanted elements. 
Impacts include a depletion of those natural resources used; emissions from 
processing, transportation and energy consumption; water consumption; and 
waste generation and disposal during the manufacturing processes and on 
site.
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In addition, the materials that are being removed from the building need to 
be disposed of, which requires fuel for transportation and may result in soil 
and water contamination when these materials are put into landfi ll or an 
additional demand for energy and water if they are re-processed into new 
materials. The refurbishment of buildings can produce signifi cant quantities 
of waste; however by keeping those materials and components that are able 
to be retained, the life of these materials and components is able to be 
extended, less material is sent to landfi ll and the need for additional virgin 
resources can be minimized, thereby avoiding many of the impacts associated 
with the extraction, processing and manufacture of replacement materials.

1.5.1.5 End-of-life (demolition, disposal, reuse and recycling)

The fi nal stage of the built environment life cycle is the demolition or 
dismantling of the building or infrastructure system and the subsequent 
disposal or reuse of individual components and materials. Buildings and 
infrastructure systems have a fi nite life and eventually come to a point where 
they are no longer considered suitable or safe for human use or occupancy. 
The deterioration of materials beyond repair, increase in the number of users, 
technological advancements and general market expectations all contribute 
to determining the effective useful life of a building or infrastructure system 
(Langston et al. 2008). Once at the end of their useful life, these systems are 
often demolished or dismantled to make way for new buildings and 
infrastructure that is safer or more suited to current demands, needs and 
expectations.

Generally, the more durable and long-lasting the materials and components 
that make up a building or infrastructure system are, the lower the 
environmental impacts through reductions in replacement, maintenance and 
refurbishment. However, one exception to this may be where an 
over-specifi cation of materials occurs due to their physical life far exceeding 
their intended life. For example, the constant churn of furniture and fi ttings, 
such as carpet in offi ce buildings, may create greater environmental impacts 
when highly resource-intensive materials are specifi ed for their durability 
instead of more appropriate options that are more suited to the (shorter) 
intended life of those elements.

The environmental impacts associated with the end-of-life stage of the 
built environment life cycle include those associated with the demolition and 
material removal processes, including emissions from the fuel used for 
demolition machinery and transportation of waste to landfi ll or materials to 
recovery sites. When these materials are disposed of in landfi ll they may leach 
chemicals into the ground, potentially resulting in eutrophication of the 
surrounding environment. As organic materials, such as timber, decompose 
they may also release carbon dioxide and methane into the soil and 
atmosphere. While the recovery and reuse of existing materials may avoid or 
reduce some of the impacts of using new materials, the reuse of these materials 
is not without certain impacts of its own. Where these materials need to be 
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re-processed, fuel is required for transportation and energy and other 
resources are required for re-processing, which themselves result in additional 
environmental impacts.

1.6 Summary

Human activities result in a broad range of impacts on the natural environment, 
from the depletion of precious natural resources to global warming and the 
pollution of the air, land and water on which we rely for our very survival. 
Many of these impacts are the result of the construction and use of the built 
environment, including the buildings and various infrastructure systems 
considered essential to support the large number of people inhabiting the 
towns and cities of the world. These impacts are spread not only across the 
different areas of the natural environment, but also across many decades. 
Decisions made today are often locked in for generations and can have 
signifi cant long-term and lasting implications for human and environmental 
health for many years into the future. The built environment involves 
numerous stages from the extraction of raw materials to construction, 
operation, replacement and eventual disposal or recovery, all resulting in a 
variety of environmental impacts that continue long after buildings and other 
infrastructure systems are no longer in use. From this stems a number of issues 
for built environment designers, developers, owners, occupiers and managers.

Current consumption levels, particularly in the developed world, are not 
sustainable. Many of the Earth’s natural resources are being depleted at a much 
greater rate than they are able to be renewed. In addition, our current pollution 
of the natural environment may be severely detrimental to not only the fragile 
ecosystems of the Earth, but also our very survival. If we are to continue to enjoy 
or improve our current standards of living, we must take a much more 
sustainable and less polluting approach to our activities. We must look to more 
effi cient and less polluting forms of energy production, fi nd alternatives to the 
non-renewable natural resources we currently consume, develop cleaner 
processes for production, and reduce and fi nd better ways of treating the waste 
that we produce. One of the greatest challenges that human society is currently 
facing is how to support the growing global population with a rapidly depleting 
natural resource base. An increasing population also threatens to negate any 
environmental impact mitigation strategies if associated resource consumption 
and pollution continue to increase at a greater rate than the improvements 
being made by such strategies.

The built environment is one area in which considerable potential exists to 
make large improvements in environmental performance and reduce many of 
the impacts caused by human activity. Because of the huge quantities of 
energy, water and resources consumed and pollutants and emissions produced 
from the construction and operation of the built environment, there is 
substantial scope to reduce the impacts that occur as a result of these processes. 
Creating a more sustainable built environment will go a long way to ensuring 
the future security and prosperity of human civilization.



 

2 Towards a sustainable built 
environment

With the increasing adverse impacts that the built environment is having on 
the natural environment and on human health, the need to address these 
impacts and look for alternatives, remedies and solutions to the current ways 
in which our buildings and infrastructure are designed and managed is 
becoming more and more crucial. Around the world, there is a growing 
emphasis on reducing the impacts that we as humans are having on the 
natural environment. Whilst this awareness of environmental issues has been 
with us for many decades, the widespread acceptance and desire to act on 
broad environmental concerns really only began in the 1990s. Much of the 
concern stemmed from the dire predictions of potential catastrophic 
consequences from human-induced climate change. However, climate change 
impacts are not the only focus of those looking to improve the environmental 
performance of the built environment and human activity. Whilst causes of 
climate change, such as the release of greenhouse gases from fossil fuel 
combustion and agriculture, have been the focus of many governments and 
groups around the world, water and soil contamination, water consumption, 
land degradation, waste treatment and disposal and the depletion of natural 
resources are other important areas where an increasing emphasis is being, 
and should be, placed.

As stated in Chapter  1, our current resource-intensive and highly 
environmentally adverse approach to meeting human needs is not sustainable. 
This is becoming even more evident considering even conservative predictions 
of human population growth over the coming years and the resultant 
increasing demand that this will place on these resources. Reducing the 
impacts associated with the design, construction, operation and management 
of the built environment will take a concerted effort on the part of the many 
stakeholders involved across all of the stages of the built environment life 
cycle. In order to reduce these impacts and encourage a more sustainable 
approach within the built environment we must develop a detailed and 
rigorous understanding of the complex and varied interactions that exist 
between the natural and built environments. Only then can we hope to 
achieve a built environment that is sustainable and does not in any way 
compromise the very existence of future generations. The beginning of this 
understanding involves the identifi cation of the environmental impacts that 
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are caused by our current construction processes, energy sources and waste 
management practices. This process is essential in order to target improvement 
strategies towards the areas where the most adverse impacts are occurring.

Assessment of the potential environmental impacts from the built 
environment has been occurring for many decades. Typically, the desire to 
gain an understanding of these impacts has been a direct result of global 
economic, environmental or social concerns at various points in history. This 
chapter provides an overview of what must be done to minimize or avoid 
many of the adverse impacts that the built environment currently has on the 
natural environment. The concept of environmental design will be explained 
as an integral part of this process, with particular emphasis on its application 
in the built environment. Following this, the origins of environmental 
assessment and the changing focus and purpose of its use in the built 
environment are described.

2.1 Minimizing the environmental impact of the built 
environment

Chapter 1 demonstrated some of the many impacts that the built environment 
may have on the natural environment as a result of the consumption of 
resources, release of pollutants and the production and disposal of waste. A 
vast range of opportunities exists for reducing, or even avoiding, many of 
these negative impacts. These opportunities are often greatest and best able 
to be captured during the design process, either prior to initial construction 
for new buildings and infrastructure systems or in the redesign or 
redevelopment of existing buildings, components and systems. Environmental 
design provides a basis for identifying and capturing many of these 
opportunities and a framework for encouraging the development of a more 
environmentally sustainable built environment.

2.2 Designing for the environment: strategies for a sustainable 
built environment

There are numerous strategies that can be employed or considered during the 
design process in order to reduce the adverse environmental impacts of the 
built environment. Many of the principles for improving the environmental 
impact of the built environment are addressed within the environmental 
design process.

Environmental design, which is also known as sustainable design, ecodesign 
or Design for Environment (DfE), involves the consideration of the life cycle 
environmental impacts of a product or process during its design. Broadly, this 
involves minimizing or avoiding demands from nature that have an adverse 
impact (either short or long term) on the environment and minimizing or 
avoiding outputs to nature that have an adverse impact on the environment. 
For maximum benefi ts to be achieved from environmental design, it must 
involve all components and participants in the extended supply chain, 
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including not only the specifi cation of more resource-effi cient materials and 
systems, but also the development of more environmentally benign materials 
and improvements to manufacturing processes. Limitations to achieving 
optimal environmental outcomes are often imposed by the availability of 
alternative solutions. Therefore, the limited ability for design professionals to 
minimize environmental impacts should be acknowledged. Deeper resource 
savings and environmental goals can only be achieved through a more 
integrated approach that involves governments, consumers, designers, 
manufacturers and suppliers.

A number of the environmental design principles that are relevant to the 
built environment are described in the following sections. A summary of what 
can be done during the design process to improve the environmental 
performance of the built environment is shown in Table 2.1.

 Table 2.1  Strategies for improving the environmental performance of the built 
environment

Strategy Environmental benefi ts

Use resources more effi ciently • Preservation of non-renewable resources
• Sustainable consumption of renewable 

resources
• Reduced waste production

Minimize non-renewable resource 
use

• Preservation of non-renewable resources
• Minimized emissions from energy production

Minimize pollutant releases • Maximized water, air and soil quality
• Preservation of ecosystems

Design for disassembly • Preservation of natural resources
• Maximized resource value
• Reduced waste production

Minimize waste production • Minimized low-value land activities (i.e. 
landfi ll)

• Minimized soil and water contamination
• Maximized resource value

Design for recyclability • Preservation of natural resources
• Maximized resource value
• Reduced waste production

Design for durability • Reduced demand for raw materials, energy, 
water

• Preservation of non-renewable resources
• Reduced waste production

Design for adaptive reuse • Preservation of natural resources
• Reduced demand for raw materials, energy, 

water
• Maximized resource value
• Reduced waste production
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2.2.1 Resource effi ciency

The effi cient use of resources involves maximizing the value that resources 
provide whilst minimizing the environmental impacts associated with their 
use. Using existing resources such as fossil fuels, raw materials, water and land 
more effi ciently can help to slow resource consumption, which is particularly 
crucial for those resources considered to be non-renewable. Improving the 
effi ciency of resource consumption in the built environment has traditionally 
been focused on the operational effi ciency of buildings. This includes 
improving the thermal performance of building envelopes to reduce demands 
for artifi cial heating and cooling by designing according to passive design 
principles, considering the correct orientation, maximizing direct solar gain 
during cooler periods and minimizing it during warmer periods; replacing 
lighting systems with more effi cient fi ttings; and installing more energy- and 
water-effi cient appliances. Signifi cant resource savings can also be achieved by 
improving the effi ciency of the manufacturing industries that supply materials 
and products to the construction industry (Sorrell et al. 2004). Upgrades to 
manufacturing equipment can improve resource effi ciencies by utilizing 
systems that operate more effi ciently, consuming fewer raw materials and less 
energy and water. Waste heat from manufacturing processes (such as from the 
kilns used to fi re clay bricks or the furnaces used to produce steel) can also be 
captured to be reused for other purposes within the manufacturing plant.

2.2.2 Minimizing non-renewable resource consumption

The use of fi nite or non-renewable resources leads to their eventual depletion 
and ultimately the need for alternative resources and approaches to meet the 
many human needs that such resources currently provide. Development of 
new technologies, materials and processes takes time and waiting until the 
point at which the Earth’s fi nite resources have been depleted or their 
extraction and use is no longer viable may lead to further social and economic 
problems, not to mention the damage caused to the environment in the 
process. For this reason, minimizing the consumption of non-renewable 
resources goes hand-in-hand with the need to fi nd alternative resources or 
approaches to meeting the needs that they provide in order to avoid further 
environmental damage from current resource extraction, energy generation 
and material production processes. Fossil-fuel-based energy systems must be 
replaced with more renewable approaches to energy supply (such as solar and 
wind), whilst fi nite minerals and raw materials must be replaced with 
renewable alternatives. In addition, the technologies and current practices 
that rely on these resources may also need to be adapted or even replaced 
(the internal combustion engine is a good example of this from the automobile 
sector). We must also ensure that naturally renewable resources, such as 
timber and water, are used sustainably to ensure that they too are not 
depleted by overuse, especially in light of the growing demands for these 
resources from an expanding global population.
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Using materials that are local and require minimal processing can reduce 
the demand for transportation and its associated impacts (from fuel 
consumption, for example) and help to avoid the often resource-intensive 
manufacturing processes associated with some of the most common 
construction materials. Signifi cant reductions in non-renewable resource use 
can also be gained by rationalizing the design of buildings. Reducing the size 
of buildings as much as possible – especially where the space provided is 
considered to be excessive or more than is realistically required, as is currently 
the case in parts of many developed countries (such as Australia and the United 
States) – can result in considerable resource savings, not only in the embodied 
energy in the materials used to construct these buildings, but also in the 
energy needed to operate them and manufacture the furniture, appliances 
and other fi ttings needed to fi ll the additional space (Fuller et al. 2009).

The use of recycled or recyclable materials can also help to alleviate some of 
our reliance on non-renewable resources. However, as demand for raw 
materials continues to grow, so too does the demand for recycled materials, 
which can outstrip actual supply, as is beginning to be seen for timber in some 
parts of the world. Care should also be taken to ensure that the use of recycled 
materials does not sacrifi ce the overall performance of a building or 
infrastructure system by reducing its durability, safety, fi nancial viability, 
service-life or operational effi ciency. Design for recyclability and disassembly 
are important considerations in maximizing the opportunities for using 
recycled materials.

2.2.3 Minimizing pollution

The environment has a limited capacity to deal with and recover from a certain 
level of contamination (usually over the longer term); however, the current 
rate at which our atmosphere, soils and waterways are being polluted is well 
beyond the Earth’s ability to reverse the damage that is being, and has already 
been, done. This means that every effort should be made to minimize the 
release of pollutants (including chemicals, heavy metals and greenhouse 
gases) into the environment, especially those considered to be toxic, to avoid 
potential further contamination. Every stage of the built environment life 
cycle is responsible for pollution of the natural environment, from the tailings 
that are produced from many raw material mining processes (such as metal 
ores), through to the chemicals used and released from some manufacturing 
processes and the leaching of substances from materials when they have been 
disposed of in landfi ll sites. Minimizing the release of these and other 
pollutants can help to ensure that the air, water and soil quality is maintained 
and also minimizes potential impacts of their release into the environment on 
human health.

Strategies for minimizing the production and release of these pollutants 
include eliminating the use of construction materials that result in pollutant 
releases at any stage of their life cycle. Where potential sources of pollutant 
releases exist, the use and disposal of these pollutants must be carefully 
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monitored and controlled. Environmental and waste management plans are 
an essential element of this process.

The principles of cleaner production are also an important component of 
minimizing pollution. This is where industrial production processes produce 
less pollutant waste by monitoring outputs, reusing or substituting raw 
materials and implementing improvements or changes in organizational 
practices and technologies.

2.2.4 Designing for disassembly

Designing the built environment so that its materials, systems and components 
can be easily pulled apart or disassembled at the end of their physical or useful 
life has the ability to signifi cantly enhance its long-term environmental 
performance by encouraging reuse and recycling, minimizing waste production 
and providing greater opportunities for adaptive reuse.

There are a number of key strategies for encouraging the disassembly and 
subsequent reuse of materials and components within the built environment. 
These include:

• using fastening and joining techniques that facilitate ease of disassembly 
(e.g. fasteners rather than adhesives; screws and bolts instead of nails and 
welding)

• minimizing the weight of individual parts
• avoiding the use of composite materials where separation of individual 

materials is diffi cult.

Whilst many of the materials that are currently able to be reused are not 
recovered, a high proportion of some highly resource-intensive materials such 
as bricks, steel and concrete are recovered for reuse or recycling. There is also 
considerable scope to expand this to other materials, especially if they are 
designed to be disassembled with limited cross-contamination from other 
materials. Designs that facilitate the separation of waste materials from 
reusable or recyclable materials can also reduce disposal costs.

2.2.5 Minimizing solid waste production

Some of the greatest environmental impacts of the built environment are 
those associated with the waste generated from the production and eventual 
disposal of construction materials. The production of waste from every stage 
of the built environment life cycle must be reduced and any waste that is 
produced must be carefully and appropriately managed so as not to have any 
long-term impacts on the environment. Current construction practices 
inevitably lead to the production of waste. Where this is unavoidable, after all 
attempts at its minimization, every effort should be made to recover these 
materials and to reintroduce them into the supply chain for reuse or 
re-processing into new materials, with as little as possible sent to landfi ll.
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There are numerous strategies that can be employed to minimize the 
generation of waste associated with the built environment. These include:

• the recovery of waste materials by reintroducing them into the supply 
chain, either directly back into the process from which they became waste 
(reuse) or further upstream (recycling)

• designing buildings and infrastructure systems in accordance with standard 
material dimensions

• controlling the production and disposal of waste through a waste 
management plan

• improving the effi ciencies of manufacturing processes to maximize raw 
material usage.

The ability to reduce the production of waste in the long term is intrinsically 
linked to designing for recyclability and reuse. The ability to reuse or recycle 
materials and products at the end of their initial use minimizes the quantity of 
materials that is ultimately sent to landfi ll.

2.2.6 Designing for recyclability

Finishes and services are typically the most often replaced components within 
buildings. For fi nishes, this is usually due to normal wear and tear or a desire 
to change appearance. Services are often replaced due to technological 
obsolescence or failure. It can be diffi cult to reuse these elements and so it is 
essential that fi nishes and services, as well as other components that have a 
shorter life than the rest of the building or infrastructure system, are able to 
be recycled.

However, opportunities for recycling or reusing materials is often limited by 
the design of the building itself. Regardless of the anticipated life of a building 
or item of infrastructure, they must be designed with the view that they will 
ultimately be recycled or reused with minimal additional requirement for 
resources, for re-processing or making good. Designing buildings and 
infrastructure so that individual materials can be easily separated can help to 
facilitate the recycling or reuse processes. Minimizing the time and costs 
needed to recover materials can often increase the chances that they will be 
recycled or reused instead of being sent to landfi ll.

The avoided environmental impacts from the reuse of existing materials and 
components can vary signifi cantly. The transport distance, degree of making 
good or re-processing necessary and the quality of materials will all infl uence 
the potential environmental benefi ts of reuse or recycling. For example, 
materials that are reused on site may require only a small amount of making 
good and have little need for resource-intensive re-processing. In some cases, 
the energy required to reuse materials on site can be as little as 5 per cent of 
the initial energy requirements associated with their production. Materials 
such as plastic and glass that are taken from a site to be re-processed can 
require up to 75 per cent of the energy required to manufacture new materials.
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When specifying materials for their recyclability or reusability potential, the 
durability of those materials must also be considered to ensure that their 
long-term performance and the benefi ts of long-lasting materials are not 
being compromised for the benefi ts offered by the ability to recycle or reuse 
the materials.

2.2.7 Designing for durability

Durable materials often last longer and require less maintenance. The longer 
materials last, the less frequent is their replacement and the lower the 
associated demand for new materials that comes with this. By specifying 
materials that last as long as possible (with consideration still for their 
recyclability or reusability when eventually they do come to the end of their 
service-life), the environmental impacts attributable to these materials can be 
spread over as long a period as possible. Also, the over-specifi cation of 
materials should be avoided by considering the intended life of the building 
or infrastructure. For example, choosing materials that have a 50 year life 
when they will most likely be replaced within 10 years (in a retail fi t-out 
situation, for example) can require more resources than are necessary in the 
material’s manufacture, when an alternative material may be a more 
environmentally preferable option.

The durability of individual materials will be determined by not only the 
properties of the materials themselves but also the function for which they 
are used and the environment in which they are placed, including their 
relationship to other materials and their exposure to the weather (Garden 
1980). Adequate maintenance can also assist in extending the life of materials, 
maximizing their resource value and helping to avoid, or at least delay, the 
demand for additional virgin materials and all of the associated impacts from 
raw material extraction, processing and the subsequent manufacture of new 
materials.

As materials become more durable and longer lasting, those that would 
have otherwise been available as reused or recycled materials for new 
buildings or the refurbishment of existing buildings and infrastructure will be 
in decline. Unless large quantities of renewable materials are able to be widely 
available, resource depletion may actually increase despite our efforts to 
minimize it through the utilization of more durable, longer-lasting materials. 
Just as most of the current virgin materials we use in the built environment 
are not renewable, neither is our second-hand material resource able to be 
infi nitely replenished.

2.2.8 Designing for adaptive reuse

Eventually, most elements within the built environment will come to the end 
of their useful life. This occurs for a number of reasons, including technological, 
social, economic, safety, functional and cultural reasons (Langston et al. 2008). 
The ability to continually reuse buildings or infrastructure systems even amidst 
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changing cultural, technological and functional demands is one of the best 
solutions to reducing the environmental impacts from the built environment. 
In order to facilitate the reuse of buildings and infrastructure for as long as 
they are structurally capable of being reused, they should be designed to be 
adaptable to changing demands and uses. This may involve the use of easily 
accessible service ducts and fl exible internal confi gurations, for example.

By encouraging and allowing for the adaptation of elements within the 
built environment throughout their physical life, the value of the resources 
embodied in these elements can be maximized, minimizing the frequency of 
demolition and replacement and generating the many environmental benefi ts 
that a reduction in waste, raw material demand and new construction can 
provide. However, maximizing the value of those elements that already exist 
in our built environment also entails the on-going operation of often highly 
ineffi cient buildings and systems. The effi ciency of existing systems (such as 
heating, cooling and lighting) and processes must also be improved to 
minimize operational resource, energy and water consumption.

2.3 An integrated approach to environmental design

A broad, integrated approach to environmental management and impact 
minimization can have many fl ow-on benefi ts. For example, designing 
buildings to utilize the off-cuts of materials that may have otherwise been 
sent to landfi ll minimizes the potential impacts from their disposal and can 
also reduce the demand for virgin raw materials. Designing to maximize the 
durability and life of construction materials reduces the frequency of material 
replacement and the subsequent demand for raw materials, as well as the 
accumulation of materials in landfi ll when they are no longer required.

The built environment must be adaptable to changing expectations, 
ensuring that short-lived materials are recyclable whilst maximizing the 
durability and fl exibility of those elements that form the main structural 
components. This integrated approach, which considers the implications of 
every material, element and system on the environment, is undoubtedly the 
most realistic approach to making signifi cant improvements to the 
environmental performance of the built environment.

However, whilst environmental design, with its focus on the design stage, 
provides some of the greatest opportunities for improving the environmental 
performance of the built environment, it does not preclude the need or 
potential for environmental improvements to be achieved during the 
management and use of the built environment.

2.4 Environmental assessment: an essential component of 
environmental design

Despite the best intentions to minimize the environmental impacts of the 
built environment, through applying the above principles throughout its 
design, often a lack of knowledge or awareness by those involved in the 
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environmental improvement process results in sub-optimal outcomes. 
Decisions are often informed by inadequate or incorrect information or a 
misunderstanding of the key issues and their signifi cance. This is not at all 
surprising considering the vast array of decisions that need to be made and 
the multitude of choices available. How can designers and those involved in 
the construction and management of the built environment know what the 
best choices are?

In order to achieve the ambitious environmental goals necessary to avert 
further adverse impacts on the environment, comprehensive information is 
needed to inform the optimal environmental choices during the planning, 
design and construction of the built environment. Environmental assessment 
provides a means for developing this information and is essential for targeting 
environmental improvement efforts and verifying environmental claims. The 
full environmental impacts or benefi ts associated with the production of a 
construction material such as steel, for example, cannot be known unless the 
resources required (raw materials, energy and water) and emissions or waste 
produced during every stage of the production process, and all of the processes 
that are required to support it, are quantifi ed. Only then can comparisons be 
made between competing choices and environmental improvement efforts 
targeted towards those processes or areas from which the greatest impacts 
occur.

Despite a practitioner’s efforts at reducing impacts through the employment 
of various environmental strategies, a comprehensive assessment and 
understanding of these impacts remains vitally important, as it enables those 
involved to gain a clearer indication of the likely impacts in order to prioritize 
and implement appropriate improvement strategies. In some cases, impacts 
associated with some of the strategies that may intuitively be considered to be 
environmentally benefi cial may in fact be greater than those associated with 
the conventional approach or alternative. Environmental assessment is thus 
also important in these circumstances to justify certain decisions or to ensure 
that environmental performance has been improved, as initially intended.

For many decades now people have sought to assess the environmental 
impacts associated with the built environment in order to identify and 
minimize them. Numerous tools have been developed to assess these 
environmental impacts, each with its own focus, benefi ts and limitations.

2.5 Origins and historical perspective of environmental 
assessment

Environmental assessment is an approach or process that is used to assess the 
environmental impacts of any activity. An assessment of environmental 
impacts involves the quantifi cation of changes to the natural environment 
resulting from any process or activity. These changes typically result from the 
consumption of the Earth’s resources, the release of pollutants into the 
environment (such as chemicals and heavy metals) and the disposal of waste. 
The purpose of any environmental assessment is to inform decision makers of 
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the potential environmental impacts so that actions can be taken to avoid or 
minimize them (Elliot and Thomas 2009). Environmental assessment in the 
built environment can be and is used for a range of purposes, including to:

• validate the compliance of building designs with building regulations
• identify the most critical aspects of the environmental performance of 

existing buildings and infrastructure
• choose between competing or alternative material or component options
• compare design solutions for new buildings and infrastructure and for 

upgrades to existing buildings and infrastructure
• market the environmental credentials of a building to prospective 

purchasers or tenants.

The impact of human activities on the environment has been a concern for a 
number of centuries (Gari 2002). During the modern environmental movement, 
considered by many to have originated from Rachel Carson’s Silent Spring, 
published in 1962 (Carson 1962), concern over the limitations of energy and 
raw material resources led to a renewed interest in developing methods for 
quantifying energy and resource use and projecting future energy and 
resource demands. Numerous studies were conducted in the late 1960s and 
into the 1970s that attempted to quantify the environmental impacts resulting 
from a range of manufacturing processes and products. These studies were 
the precursors to current life cycle assessment techniques. One of the fi rst of 
these was a study conducted for the Coca-Cola company which compared the 
raw materials and fuels used and the associated environmental impacts for 
different beverage containers (Hunt et al. 1974).

In the 1970s, a formal process for conducting an environmental impact 
assessment (EIA) was developed. This was called an Ecobalance or Resource 
and Environmental Profi le Analysis (REPA) (SAIC 2006). Since this time, 
numerous countries have developed legislation that requires impact 
assessment to be undertaken for certain projects (US Government 1969; 
European Union 1985; Australian Government 1999).

With the energy crises of the 1970s came a focus on reducing energy 
demand, particularly from buildings. This led to the development of energy 
analysis as an approach to the use of environmental impact assessment for 
monitoring and minimizing resource consumption. These analyses tended to 
focus on the energy required for heating and cooling of buildings and that 
consumed during certain manufacturing processes. Due to the abatement of 
the energy crises and improvements to energy effi ciencies as a result of this, 
broad interest in environmental assessment began to decline in the late 1970s 
and early 1980s (SAIC 2006). Throughout the 1980s, growing concern about 
the space needed for solid waste disposal led to a small number of studies 
being conducted in this area, with a particular focus on packaging materials 
(Pedersen and Christiansen 1992). However, these studies were often 
commissioned in order to improve internal production processes and rarely 
made it into the public domain.
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The 1990s saw the beginning of the broader environmental concerns that 
remain the current focus of environmental improvement efforts today. Much 
of this renewed interest can be attributed to the Brundtland Report 
(Brundtland Commission 1987), published by the Brundtland Commission 
(formerly the World Commission on Environment and Development) in 1987. 
The need for more complex models of environmental assessment led to the 
development of a range of guidelines (inter alia Heijungs et al. 1992; SETAC 
1993; Jensen et al. 1997; Todd and Curran 1999) and standards in an attempt 
to standardize the many different approaches that were being used in the 
assessment of environmental impacts, which often resulted in confl icting 
outcomes. At this time, the International Organization for Standardization 
(ISO) began developing standards for environmental management (the ISO 
14000-series) which incorporated the fi rst standards on life cycle assessment 
(LCA), released in 1997.

2.6 Environmental assessment in the twenty-fi rst century

There is now a renewed interest in improving the environmental performance 
of the built environment, due largely to the growing awareness of the impacts 
that it is having on the environment. New standards continue to be developed, 
such as those by the European Committee for Standardization (under CEN/TC 
350) (CEN 2010), and environmental assessment is increasingly being seen as 
having a central role in improving the sustainability of the built environment. 
The potential fi nancial benefi ts of improved environmental performance are 
also being increasingly acknowledged and demonstrated. This is also one of 
the driving forces behind the current increased uptake of green buildings and 
the investment in broader effi ciency improvements within building and 
infrastructure construction and material production practices.

Traditionally, environmental assessment has focused on only a limited 
range of environmental parameters associated with a specifi c process or 
activity at any one time. However, unless a detailed and comprehensive 
analysis is performed, analyzing all of the potential impacts across all life cycle 
stages of the built environment, how can one be sure that environmental 
performance is actually being improved through the selection of specifi c 
materials, systems and components? With this in mind, more recently the 
focus of environmental assessment has broadened. An awareness that the 
built environment results in a much greater range of impacts on the natural 
environment and human health, than just those associated with energy 
consumption and waste production, is growing. Many of these impacts are 
considered to be even more detrimental than those associated with energy 
consumption alone, particularly with regard to the impacts on human health 
(such as the release of toxic pollutants into waterways and the atmosphere). 
Some of the approaches for assessing environmental impacts that are now 
being used and developed address this much broader range of potential 
impacts.
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2.7 Approaches to environmental assessment

An increasing focus on improving the environmental performance of human 
activities has led to the rapid expansion in the number of techniques that are 
now available to assist with identifying and quantifying environmental 
impacts. These techniques include assessment tools, simulation tools, checklists 
and guidelines (Arbor 1999; Crawley and Aho 1999; Jönsson 2000), ranging 
from the very simple to the much more complex, and rely on different levels 
of data and professional input.

2.7.1 Assessment tools

Assessment tools typically use a database, specifying the inputs from and 
outputs to the environment related to generic materials and components 
used in the construction of buildings and other infrastructure systems and 
products. By selecting from a range of design solutions, the environmental 
performance of each alternative can be modelled and compared. These tools 
help to streamline and standardize the environmental assessment process, 
theoretically saving time and money. Environmental assessment tools are 
most useful for informing the environmental design or improvement process, 
but their use does not necessarily lead to a more sustainable built outcome. It 
is here that professional judgement is essential to identify the best solutions 
and areas where further opportunities for reducing environmental impacts 
may be possible. A selection of the tools available for quantifying the 
environmental performance of buildings is described in more detail in Chapter 
4 (Section  4.6). Rating tools, which are used to rate the environmental 
performance of a building based on particular design solutions, also come 
under this category. They provide a rating against predefi ned environmental 
performance criteria and benchmark performance, such as the quantity of 
energy required for building heating and cooling. These tools are typically 
used for demonstrating regulatory compliance and are rarely used to inform 
environmental improvement beyond the minimum required standards.

2.7.2 Simulation tools

A simulation tool simulates or predicts how a building may perform under 
certain physical and environmental circumstances in order to identify the 
potential to improve its environmental performance. One of the most common 
types of simulation tools is those that focus on predicting energy consumption 
during building operation, although they are also used to model natural and 
artifi cial lighting, air fl ow and ventilation. Simulation tools often do not 
convert the environmental loadings or characteristics (such as energy 
consumption) to an impact on the environment, which is left up to the 
practitioner to do. However, they can be useful for informing design decisions 
that may improve environmental performance, such as modifying the design 
to reduce energy demand, for example.
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2.7.3 Checklists and guidelines

Checklists and guidelines provide advice or guidance to help improve 
environmental performance, often across a broad range of parameters. They 
do not involve detailed or sophisticated modelling or assessment of the 
environmental performance of alternative design solutions, but rather help to 
direct the focus of designers towards the major areas that should be addressed, 
based on generic knowledge of how buildings and infrastructure can affect 
the natural environment.

Despite there being a large number available, many of the techniques for 
environmental assessment do not facilitate the fl exible, integrated and 
comprehensive approach that is needed to maximize the environmental 
performance of the built environment, nor do many of them consider that 
impacts often occur across more than one point in time or geographic location. 
They often rely on a design outcome having already been relatively resolved, 
in which case major changes – which may actually be necessary to achieve the 
best environmental outcomes – are often unlikely to occur. In addition, many 
of the approaches focus on a limited range of environmental parameters or 
life cycle stages, or may rely on inconsistent or incomplete data and assessment 
techniques. As a response to the limitations of many of the tools and techniques 
used for quantifying environmental impacts in the past, the use and 
development of life cycle assessment (LCA) is now seen to be of critical 
importance (inter alia Lave et al. 1995; Cole 1998; Azapagic and Clift 1999). 
LCA aims to minimize the limitations of past assessment methods and increase 
the range of assessment criteria and depth of analysis (Cole 1998). Due to its 
universality of application, it is considered the only valid method by which to 
compare the environmental impacts resulting from the alternative building 
materials, products, components and services that are used within the built 
environment. Life cycle assessment, including the general framework for its 
application, is described in detail in Chapter 3.

2.8 Summary

Signifi cant improvement to the design, construction and operation of the 
built environment is needed to ensure that current standards of living are able 
to be maintained or improved. At the same time, this needs to be done in a 
way that sustains or improves the current state of the natural environment. 
There is a range of opportunities for reducing the environmental impacts of 
the built environment, including:

• switching from the consumption of and reliance on non-renewable energy 
and materials to those that are renewable and less polluting

• reducing natural resource consumption through design rationalization 
and effi ciencies in the production of built environment components and 
during a building’s operation



 

Towards a sustainable built environment 37

• minimizing the production of waste through more effi cient production, 
reuse and recycling of materials

• considering the durability and recyclability of materials and components
• prolonging the life of buildings and infrastructure systems by ensuring 

that they can be adapted to changing technological, social and functional 
expectations

• designing to facilitate reuse or recycling, through the ability to disassemble 
buildings and infrastructure.

An approach for quantifying the potential environmental impacts from the 
built environment is essential in order to compare various options, improve 
existing practice and identify opportunities for environmental improvement 
that may otherwise have been overlooked. Current techniques for 
environmental assessment have developed over several decades and interest 
in environmental improvement has fl uctuated over time due to the advent of 
various environmental concerns. Life cycle assessment currently provides the 
most comprehensive framework for assisting in the decision-making processes 
needed to achieve signifi cant environmental improvements within the built 
environment.



 

3 Life cycle assessment

There are many types of tools and techniques available for improving and 
managing environmental performance, each of which provides a unique 
approach to assessing and potentially identifying strategies for improving the 
environmental performance of a wide range of products, processes and 
services. Life cycle assessment (LCA), also known as life cycle analysis or cradle-
to-grave analysis, is a more recent addition to these tools, and aims to support 
an increasing focus towards environmental improvement and management. 
Life cycle assessment is distinct in that it takes a more holistic approach to 
environmental assessment, considering a broad range of potential impacts, 
and as the name suggests, across every stage of a product’s life. Another 
benefi t of LCA is that it is based on a chosen functional unit and can factor in 
many geographic, technological and temporal variations in its assessment.

This chapter provides an overview of life cycle assessment and a description 
of the various components of a life cycle study, including its various uses and 
limitations. The various methods of obtaining environmental data are 
described in detail and the limitations of each of these methods are explained. 
Particular emphasis is placed on this aspect of an LCA as this phase is the most 
crucial in ensuring that eventual outcomes of any LCA study are as reliable 
and useful as possible.

3.1 What is life cycle assessment?

Life cycle assessment is a tool that is used to determine and evaluate the 
environmental loadings and impacts of a particular product or process, 
including those effects associated with processes upstream in the supply chain 
(Curran 1993). LCA is used to analyze these loadings over the entire life cycle 
of the product or process being studied, from the extraction of raw materials 
from the ground to fi nal disposal or recycling of the product at the end of its 
useful life. The environmental impacts across the life cycle of any product or 
process can be linked to the relevant inputs and outputs of the product system. 
These inputs and outputs include the raw materials extracted from the earth; 
energy and water use; emissions to air, land and water; solid wastes; 
co-products; and other releases, as shown in Figure 3.1.
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Source: Adapted from Curran 1993.

Figure 3.1 Stages of a product’s life cycle, showing inputs and outputs

An LCA does not consider the economic or social aspects of a product, process 
or decision; however, the same principles applied in an LCA can also be applied 
to these aspects. A life cycle approach to building economics is often advocated 
by the proponents of sustainable development, as the typically higher capital 
cost of this type of development can usually only be justifi ed by the on-going 
operational cost savings and benefi ts. Only through a life cycle costing (LCC) 
approach can these potential benefi ts and savings be identifi ed. This approach 
has been detailed extensively by authors such as Langston (2005) and within 
the International Standard 15686-5 (2008) on life cycle costing.

3.1.1 Life cycle assessment framework

There are four phases to any LCA, as depicted in Figure 3.2. These are defi ned by 
the International Standard for Environmental Management (International 
Standard 14040 2006) as goal and scope defi nition, inventory analysis, impact 
assessment and interpretation. These phases are described in detail in Section 3.3.

3.1.2 An iterative approach

LCA involves an iterative approach, where each phase relies on, and can also feed 
back to inform, the outputs of the previous phase. As a study progresses, a 
practitioner may identify gaps in data, data reliability issues or signifi cant issues 
that were previously overlooked. Once these gaps and issues have been identifi ed, 
particular aspects of the LCA may be re-visited. This iterative approach is important 
in LCA studies as it provides a level of fl exibility and the ability to easily re-visit 
aspects of the study considered to be defi cient in one way or another or that may 
benefi t from the new knowledge gained from the study itself.
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Source: International Standard 14040 2006.

Figure 3.2 Phases of a life cycle assessment

Whilst conducting each phase of an LCA, the practitioner may fi nd it necessary 
to refi ne any or all of the previous phases, based on the fi ndings obtained. 
The fi ndings from one phase may highlight defi ciencies in the scope or in the 
collected data that restrict the ability for achieving the intended project goals. 
For example, issues with the quantity or quality of data collected during the 
inventory analysis phase that may limit the ability of the fi ndings to address 
the study goals may only be identifi ed whilst conducting the impact assessment. 
The practitioner may then need to redo aspects of the inventory analysis, 
including collecting more or better quality data, in order to ensure that the 
project goals are able to be met.

Findings are often used to inform further product development. With 
product improvement and refi nement comes a need to reassess environmental 
performance to determine whether or not, and to what extent, the 
environmental goals of the development process have been achieved. The 
iterative nature of LCA facilitates this process.

3.2 Types of life cycle assessment

Whilst an LCA by its nature generally incorporates an assessment of all aspects 
of a product’s or process’s life cycle, the wide range of potential applications 
(discussed in Section 3.4) for LCA means that the general LCA framework and 
scope is often adapted to suit individual project goals and needs.
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3.2.1 Baseline life cycle assessment

A baseline LCA, better known as a conventional LCA, is used to assess an 
individual product, system or process, with the ultimate goal of identifying 
areas of potential improvement in the environmental performance of that 
product, system or process. This often starts with assessing the environmental 
impacts associated with a product and using the fi ndings from the LCA to 
identify the areas where the most signifi cant impacts are occurring. Strategies 
can then be developed and employed in order to target these key areas.

An example of how a baseline LCA can be used is in the development of 
new building materials or improving the environmental performance of 
existing building materials. An LCA, in this context, can be used to identify the 
inputs of materials, energy, water and other resources, as well as the outputs 
(pollution, products, co-products and waste) associated with the manufacture 
of these materials (based on the specifi c processes, technologies and 
geographical locations involved). The fi ndings of this study, potentially 
detailing the quantity of energy, water and raw material consumption and 
waste associated with the manufacturing process, can then be used to identify 
which process or stage of manufacture or specifi c raw material or other 
resource input contributes the greatest to the overall environmental impact 
associated with the manufacture of the building material. Armed with this 
information, the product designers are then able to either substitute new 
processes, materials and resource requirements for existing ones or focus on 
improving the effi ciency of these existing processes.

The fi ndings from a baseline LCA are often used for internal purposes as 
this type of LCA particularly lends itself to product development and 
improvement. However, the fi ndings are also often used to market particular 
environmental strengths or qualities of a product to meet the demands of an 
increasingly environmentally conscious market.

3.2.2 Comparative life cycle assessment

A comparative LCA, as the name suggests, is used to compare the environmental 
impacts of two or more products or processes that perform the same function. 
This can be useful where the intended purpose is to select the alternative with 
the lowest environmental impact. With any comparative LCA, it is essential 
that a comparable functional unit is selected so that the alternatives are 
compared on a common basis. For example, comparing the environmental 
impacts of two light globes with varying light output would not be an entirely 
meaningful comparison to make. In this case, the quantity and quality of light 
for the particular task is the most crucial factor in defi ning the function of the 
globes. Such a comparison would need to be based on a specifi ed quantity of 
light output for the fi ndings to be relevant. A greater number of globes of 
lower output may be required to provide a similar function (lighting a specifi ed 
area to a certain level of illuminance) to a globe of greater output.

Product development often begins with a baseline LCA in order to determine 
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the most signifi cant environmental impacts. As alternative products or 
solutions are developed in an attempt to reduce these impacts, it may be 
necessary to perform a comparative LCA that compares all alternatives to 
determine whether environmental improvements are being made. This type 
of assessment is useful for decision makers where more than one option is 
available.

3.2.3 Streamlined life cycle assessment

Quite often, the goals of an LCA study are to assess only a limited range of 
environmental impacts or life cycle stages associated with a product or process. 
Previous work may have identifi ed signifi cant impacts resulting from a 
particular input (such as energy) or life cycle stage (such as manufacture). For 
example, where alternative manufacturing processes are being investigated 
for a single product, it may be acceptable to study only this stage of the 
product’s life cycle. This type of LCA, where the scope is limited in depth, 
breadth or detail, is known as a streamlined LCA. The goals and scope, 
identifi ed at the beginning of the study, will inform the appropriateness of 
using a streamlined approach. Caution must be exercised in using this approach 
as a much more detailed understanding of a product is often necessary in 
order to limit the scope of the study in this way. There must be a good reason 
why the scope has been limited, which should be explained in the scope 
defi nition phase.

It has been shown that the greatest impacts associated with buildings are 
often related to the consumption of energy (Junnila and Horvath 2003); 
therefore the focus of much of the environmental performance improvement 
in the construction industry has been on the energy effi ciency of the various 
stages of a building’s life, from construction to use and eventual disposal. For 
this reason, a streamlined approach that considers only the energy-related 
environmental impacts is quite common for LCA studies of buildings. This type 
of study is commonly referred to as a life cycle energy analysis.

3.3 The four phases of life cycle assessment

3.3.1 Goal and scope defi nition

The fi rst phase of an LCA, the defi nition of the goals and scope of the study, 
involves determining the reasons for carrying out the study and the intended 
audience. The goal and scope defi nition phase is important in determining 
the direction and extent to which the LCA will be conducted. This process will 
determine the approach taken in analyzing the inventory and the detail to 
which this is performed. The scope of an LCA includes defi ning which life cycle 
stages are to be considered. Depending on the product being assessed, these 
typically cover the extraction of raw materials from the earth, raw material 
processing, material or product manufacture, operation or use, maintenance 
and repair and disposal or recycling (International Standard 14040 2006). This 
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phase of an LCA is the most important, as obtaining the correct results for the 
required purpose is dependent on suffi ciently defi ning the breadth, depth 
and detail of the study (International Standard 14040 2006).

3.3.1.1 Goals

The defi ned goal of the LCA study will guide the assessment process to ensure 
that the most useful results are obtained. Whilst the primary goal of an LCA 
will generally be to choose the product or process that has the least effect on 
the environment and human health or to guide the development of new 
products or processes, the specifi c goals of an LCA study must refl ect the 
intended use of the fi ndings and respond to the reasons for carrying out the 
study. The goals must also state the intended application of the study fi ndings, 
to whom the results of the study are intended to be communicated (intended 
audience) and whether results are intended to be used for comparative 
assertions which may be released to the public.

3.3.1.2 Scope

Defi ning the scope of an LCA study involves determining which life cycle 
stages are to be considered and what the boundaries for the product system 
are, noting any assumptions or limitations to the study and detailing which 
inputs, outputs and impacts are included and which are excluded, and why. In 
order to defi ne the scope of the study, International Standard 14040 (2006) 
recommends a broad range of elements that must be considered and clearly 
described. These items include:

• the product system to be studied
• the functions of the product system/s
• functional unit
• data requirements
• initial data quality requirements
• allocation procedures
• impact categories selected and methodology of impact assessment and 

interpretation to be used
• type of critical review, if any
• type and format of report required for the study.

The scope of the study should be defi ned in a way that ensures that the 
outcomes of the study are suffi cient to address the intended goal and eventual 
application of the study fi ndings. Just as for the defi nition of study goals, 
the  scope of an LCA study will be infl uenced by the intended use of the 
fi ndings, including the level of breadth and detail needed to address the 
study  goals and the level of reliability, detail and confi dence required of 
these  fi ndings. These may be infl uenced by external bodies, the need for 
consistency or comparability between independent studies or the need or 
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wish to comply with certain standards, such as International Standard 14040 
(see Section 3.5).

As an LCA study can involve a highly iterative process, the scope, as well as 
other aspects of the study, may require modifi cation as the study progresses in 
order to meet the original goals and intentions of the study. The need to 
modify aspects of the scope will become evident as the study progresses and 
fi ndings are evaluated. This modifi cation may be as a result of unforeseen 
limitations or constraints or due to additional information becoming available.

3.3.1.3 Functional unit

The functional unit defi nes the performance characteristics of the product or 
process being studied in order to fulfi l a particular function. It is used as a unit 
of reference, particularly to enable comparative assertions to be made about 
competing products. The main purpose of defi ning a functional unit is to ensure 
that the quantifi ed inputs and outputs are related to a particular function. This 
is essential for ensuring the comparability of LCA results, which is only possible 
if the comparisons of products or processes are performed on a common basis.

The chosen functional unit will depend on the particular function or 
application of the product or process being studied. For example, the 
comparison of fl oor covering materials on a cubic metre basis may be 
unacceptable, as the materials may have different thicknesses and densities. 
Analyzing them on a square metre basis for use over a certain period of time 
is much more appropriate, as this matches more closely their intended use. By 
using a common functional unit, the environmental performance of two 
alternative fl oor covering materials, such as carpet and ceramic tiles, can be 
compared. For each alternative it is possible to quantify the inputs and outputs 
of each product system. In this case, this would include the materials, other 
resources, energy and water required during the production, use and eventual 
disposal stages for these two options, as well as the resultant waste and 
emissions from these processes.

The actual size of the functional unit is quite arbitrary; however, it may 
simplify the impact assessment and interpretation phases of the LCA if the size 
is easily understandable or in a common unit of measurement. An assessment of 
the impacts for various fl oor covering materials may be much more useful on a 
1 m2 basis than any other size, particularly when the total impacts for the fl oor 
coverings in a whole building need to be determined. All inputs and outputs are 
relative to the functional unit, as are the resultant environmental impacts. An 
increase in the quantity or size of the functional unit would typically result in an 
equivalent increase in the associated inputs, outputs and impacts.

3.3.1.4 System boundaries

A product system is made up of many individual inputs, outputs and processes. 
The system boundary defi nes which of these inputs, outputs and processes are 
to be included in an LCA study. Inputs often include raw materials, ancillary 
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materials, intermediate materials or products, energy, water and other 
resources from nature. Outputs include such things as waste and emissions to 
the air, water and land, as well as the fi nal and any intermediate products that 
are produced (Figure 3.3). It is necessary to defi ne the level of detail to which 
each of these aspects will be quantifi ed. Resource requirements for certain 
processes may be included whilst those for other supporting processes may be 
excluded for varying reasons. Many of these exclusions occur without the 
knowledge of the practitioner due to their lack of understanding of the 
product system or choice of data or assessment method.

Often the limiting factor in defi ning the system boundary is the ability to 
gain suffi cient (or any) data for particular inputs, outputs or processes. These 
limitations are often based on cost and time constraints or more often on a 
lack of understanding of all of the likely inputs, outputs and processes required 
to support any product system. For example, many studies exclude the 
quantifi cation of inputs and outputs associated with service-related processes 
(e.g. fi nancial, communication and marketing services) that are necessary to 
support many manufacturing-type processes. This issue is covered in more 
detail in Section 3.6.2.

The International Standard for 14040 (2006: 12) permits the omission of 
particular inputs, outputs or processes if this omission does not signifi cantly 
change the overall conclusions of the study. The issue here is that a system 
boundary may be drawn that excludes such processes without suffi cient 
knowledge of their signifi cance. It can be very diffi cult, prior to any data 
being collected, to know whether certain inputs, outputs or processes will or 
will not signifi cantly change the overall conclusion of a study. Whilst the 
iterative nature of an LCA does allow for the inclusion of additional inputs 
and outputs during the course of a study if they are identifi ed or found to be 
signifi cant, the practitioner should not preclude this from being possible by 
limiting the system boundary too early in the study.

Main 
process

Raw material or 
intermediate materialInputs

Energy and water

Ancillary materials

Other resources

Intermediate material or 
final product

Emissions to air

Emissions to water

Emissions to land

Waste

Outputs

Figure 3.3 Inputs and outputs for a main process
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3.3.1.5 Data quality and scope

The quality of the data used for an LCA study can have considerable 
implications for the ability to use the study fi ndings for a particular purpose 
and the reliability that can be given to these fi ndings and any assertions based 
on them. When defi ning the requirements for data quality, it is important 
that the intended goals and scope of the study are kept in mind to ensure that 
these are able to be met. Some of the considerations that should be addressed 
when defi ning the quality of data required include the age of the data, the 
geographic location from which the data is to be collected, the variability of 
the data values, the degree of completeness, how representative the data is of 
the particular processes and technologies, the source of the data and the 
certainty that can be attributed to it (International Standard 14044 2006).

Another factor that may be considered during this scoping phase is the 
extent to which collected data should comply with specifi c geographic, 
technological or temporal characteristics of the product or process under 
analysis. Signifi cant data variations can occur across each of these aspects, even 
for similar products or processes. In some cases, it may be necessary to use data 
that varies in one or more of these areas from those geographic, technological 
or temporal characteristics specifi c to the product or process being analyzed. 
The acceptability of using this data should be considered at this stage, 
particularly with regard to the effect that this may have on the study fi ndings 
and subsequent conclusions and recommendations (Weidema 1997).

3.3.2 Life cycle inventory analysis

Inventory analysis, the second phase of an LCA, involves the collection of data 
and calculations in order to quantify the inputs and outputs to the product 
system over its entire life cycle. The inputs may include energy, water and 
natural resources, whilst outputs may include emissions to air, water and land 
(as shown in Figure 3.3). The extent of this analysis, and the two subsequent 
phases of the LCA, depends on the scope and goals defi ned in the previous 
phase. The inventory analysis is one of the most time and cost-consuming 
processes in an LCA (Suh and Huppes 2002). If the scope of the study is not 
adequately defi ned, excessive time may be wasted obtaining and analyzing 
data that is beyond that required for the intended purpose of the study. 
Section 3.6 deals with this and other problems associated with the inventory 
analysis phase of an LCA.

There are several steps involved in the collection of data for the inventory 
analysis. International Standard 14044 (2006) outlines these as:

• drawing specifi c process fl ow diagrams, outlining all unit processes to be 
modelled, including direct and indirect processes

• describing each unit process in detail and listing data categories associated 
with each unit process

• developing a list that specifi es a unit of measurement
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• describing data collection techniques and calculating techniques for each 
data category.

These steps are required to ensure that there is thorough knowledge of each 
unit process in order to avoid double counting or gaps. Problems associated 
with quality and completeness of data collection are dealt with in Section 3.6.4.

3.3.2.1 Data types

There is a wide range of data types that may need to be collected for an LCA 
study. The type of data needed will vary depending on the scope of the study, 
the product or process being analyzed, the inputs and outputs being assessed 
and the impact categories being considered. Types of data that may be 
required include energy or water consumption fi gures associated with material 
extraction or manufacturing processes and product use; quantities of raw 
materials consumed during the production of materials or products; or 
quantities of waste produced and emissions released from material extraction, 
manufacturing or disposal.

3.3.2.2 Quantifying inputs and outputs

The main purpose of this task is to identify the signifi cant inputs and outputs 
of the processes or product system. There is a variety of methods that can and 
have been used for quantifying these inputs and outputs, each having their 
own benefi ts and limitations – process analysis, input-output analysis and 
hybrid analysis.

PROCESS ANALYSIS

A process analysis uses a combination of process, product and location-specifi c 
data to calculate the environmental loadings and related impacts of a product 
system. This data is actual measured data specifi c to a particular product or 
process. A process fl ow diagram can be drawn outlining all of the individual 
processes to be modelled within the product system. This helps in the 
identifi cation of those processes for which data will need to be collected. Figure 
3.4 shows an example of a process fl ow diagram for the production of concrete.

Once the data requirements have been identifi ed the data can then be 
sourced. For an LCA study of a particular product or process that is produced 
or occurs in a known location or under known conditions, process data may be 
sourced from internal company records. These records may include energy or 
water bills or reports that may have been prepared to comply with internal 
procedures or third-party regulatory requirements, such as those reporting 
the emission of pollutants and other substances to bodies that track national 
pollution levels (such as the UK National Atmospheric Emissions Inventory 
(NAEI), the US Toxic Release Inventory (TRI) and the European Pollutant 
Emission Register (EPER)).
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Figure 3.4 Example of a process fl ow diagram for concrete production

The accessibility to process data can have a signifi cant impact on the time and 
costs involved in compiling a life cycle inventory (LCI) using a process analysis 
approach. Much of the data required may be diffi cult to obtain or may not 
exist in the format required. In this case, it may be necessary to either spend 
time further analyzing the specifi c production processes to collect the 
necessary data or to use existing generic data collected for similar products or 
processes. Whilst the latter of these alternative approaches to sourcing data 
may be much less time-consuming, issues may arise with the reliability and 
appropriateness of such data when analyzing a specifi c product or process. 
This type of data, often an aggregate of data across a number of manufacturers 
or suppliers, is typically provided in many of the commercial LCA software 
tools and databases (such as the Ecoinvent database, developed by the Swiss 
Centre for Life Cycle Inventories). Generic process data very rarely provides a 
completely accurate indication of the inputs, outputs and impacts associated 
with any specifi c product or process. Environmental impacts from any product 
system will vary due to any number of factors, including source, type and 
quality of raw materials; fuel mixes; manufacturing processes and technologies; 
use of pollution control strategies; transportation distances; and the treatment 
of waste. These impacts will very rarely be identical across different 
manufacturers or suppliers due to these factors. As these factors will also 
change over time, the age of the data will also infl uence how accurate it 
might be for a particular product or process at a given point in time. For these 
reasons, using generic process data, whilst convenient, can also be highly 
problematic. Where the use of this data is considered acceptable for a 
particular study, any impact that this may have on the eventual study fi ndings 
and recommendations should be clearly understood, possibly through 
conducting a sensitivity analysis.

Process analysis is generally seen to be more accurate and relevant to the 
product or process being analyzed; but on the other hand, it can be labour 
and time intensive. Moreover, it suffers from a systematic incompleteness, 
which is due to the representation of the product system by a fi nite boundary, 
and the omission of contributions outside this boundary. This means that an 
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LCI based on a process analysis approach does not usually cover the product 
system to a suffi cient degree. The magnitude of this truncation error depends 
on the type of product or activity, but can be around 50 per cent for moderately 
complex products (see also Norris 2001) and up to 87 per cent for more 
complex products (see for example Born 1996; Hendrickson et al. 1998; Lenzen 
and Dey 2000; Crawford 2005, 2008). For very energy- or resource-intensive 
manufacturing processes, such as metals production, the system boundary 
issue is reduced, due to the much higher signifi cance of the main process. 
Treloar (1997) and Lenzen (2001) have shown that within a conventional 
process analysis, this error is not usually reducible to an acceptable level by 
further extending the system boundary because of the complexity of inputs 
and outputs that would have to be investigated.

IN PUT-OUTPUT ANALYSIS

Input-output analysis is a top-down economic technique, which uses matrices 
of sector-based monetary transactions (input-output tables) describing 
complex interdependencies of industries in order to trace resource 
requirements and pollutant releases throughout a whole economy. These 
input-output tables describe the inputs required by each economic sector 
from each and every other sector in order to produce a certain quantity of 
output. They are most commonly available in economic units. Using this matrix 
approach, it is possible to predict the effect of changes in one industry (such 
as increased or decreased output) on others. It is often used to show how a 
particular activity, such as a government policy or an event like the Olympics, 
provides direct and indirect benefi ts to the economy, in terms of gross 
domestic product or jobs. Input-output tables are produced by a signifi cant 
number of countries worldwide, including Australia, the United States, Japan, 
United Kingdom, China, India and many countries throughout Europe. The 
complexity of these tables can differ considerably by country, particularly in 
relation to the number of economic sectors into which the entire country’s 
commodity output is aggregated. This can range from several dozen sectors 
up to hundreds. Table 3.1 considers a simplifi ed input-output matrix (also 
known as a total requirements coeffi cient matrix) depicting the value of 
outputs from the Iron and steel, Sawmill products and Plastic products sectors 
purchased by the Residential building, Other construction and Prefabricated 
buildings sectors in order to produce a certain value of outputs from each of 
these sectors.

This simple input-output matrix shows that per unit of output from the 
Residential building sector, 0.15 units worth of output from the Iron and steel 
sector (15 divided by 100), 0.20 units worth of output from the Sawmill 
products sector (20 divided by 100), 0.05 units worth of output from the Plastic 
products sector (5 divided by 100) and 0.60 units worth of labour (60 divided 
by 100) are required. From this, it is possible to measure the impact of any 
increase in output from a sector, in terms of the increased requirement for 
inputs from the supporting sectors.
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 Table 3.1  Example input-output table showing total value of inputs per unit of output 
for construction sectors

Selling sector Purchasing sector

Residential
building

Other
construction

Prefabricated 
buildings

Iron and steel 15 30 20

Sawmill products 20 10 15

Plastic products 5 10 5

Labour 60 80 40

Total output 100 130 80

Generally, input-output analysis covers completely the economic system 
defi ned by the national or regional statistics. The total requirements coeffi cient 
matrix (an innovation for which Wassily Leontief won the Nobel prize) treats 
the whole economy as a system and any number of inputs from other sectors 
are included, resulting in an almost limitless number of potential transactions 
upstream through the supply chain. Generalized input-output frameworks 
have been applied extensively to environmental analysis since the late 1960s 
(see for example Isard et al. 1968; Isard and Romanoff 1967; Leontief and Ford 
1970; Bicknell et al. 1998). An introduction to the input-output method and its 
application to environmental problems can be found in studies by Leontief 
and Ford (1970), Proops (1977), Duchin (1992) and Dixon (1996). In order to 
use an input-output table to identify the inputs, outputs and impacts 
associated with any commodity, it must fi rst be integrated with sector-based 
environmental data.

Almost any type of environment-related data can be integrated into an 
input-output table, including energy, water and raw material consumption, as 
well as production of waste and pollutant emissions, such as carbon dioxide. 
To enable the integration process to occur, the environmental data must be in 
the correct format, giving values of inputs of resources or outputs of pollutants 
or waste per economic sector (for example, gigajoules of energy or tonnes of 
carbon dioxide emissions). By knowing the total resource requirements or 
emissions associated with a particular sector as well as the total monetary 
value of all outputs from that sector, it is then possible to determine the 
quantity of resources required or emissions released per monetary unit of 
output for each sector. This is done by dividing the total resource requirements 
or emissions by the total monetary value of sector outputs, which results in a 
sector-level total requirements coeffi cient in units per monetary unit of output 
(e.g. tonnes of CO2 per dollar).

By integrating environmental data into the input-output table, it is then 
possible to determine the quantity of resources or emissions associated with a 
particular value’s worth of output from any sector of an economy, including 
the indirect (or upstream) inputs of goods and services required to support the 
production or supply of that output. One of the most common forms of 
environmental input-output table is one based on energy fl ows or requirements 
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(for example Carnegie Mellon University 2002; Lenzen and Lundie 2002). In 
this case, national energy data is integrated with the input-output table by 
multiplying the direct requirements coeffi cients describing sales by energy 
supply sectors and the appropriate national average energy tariffs, to give 
direct energy requirements of individual sectors (Equation 3.1). This process is 
explained in more detail by Treloar (1998: 25). The modifi ed input-output 
table forms the input-output model that can then be used to quantify the 
total energy requirements associated with the production of any product or 
supply of any service within an economy, based on its monetary value.

e

E

e
enn tariffDDER �= ∑

=1
  Equation 3.1

Where DERn = the direct energy requirement of the target sector, n; E = the 
number of energy supply sectors, e; Den = the direct requirements coeffi cient 
for each e into n; and tariffe = energy tariffs for each e, in units of energy per 
dollar.

The single biggest problem with almost all previous applications of input-
output analysis is that it is used as a black box. The total requirements 
coeffi cients include the direct requirements and the indirect (or upstream) 
requirements all added together, for any sector. It can be extremely 
time-consuming to manually trace the indirect requirements for a sector. The 
direct requirements are there for everyone to see, and the sum of the indirect 
requirements can be deduced by subtracting the direct requirements from the 
total requirements; however, modelling individual indirect requirements 
(such as the energy required to mine the iron ore needed to produce steel) is 
much more complex due to the sheer number of them.

Let us assume that an input-output model is disaggregated into 106 industry 
sectors. One transaction upstream of a main process (such as building 
construction) involves potentially 106 inputs at the sector level. Assuming only 
about 8 per cent of the 106 x 106 matrix (giving the inputs from each sector 
into each and every other sector) of direct requirements are zero values, this 
reduces on average the number of potential inputs to 98. At one transaction 
upstream, we might have concrete slurry used in building construction. The 
potential number of non-zero pathways increases exponentially at an alarming 
rate with each further transaction upstream. At two transactions upstream, 
the number of potential non-zero pathways is 982. A transaction at this stage 
might be cement used in the concrete. At three transactions upstream, we 
have 983 additional processes at the sector level. This might include recovery 
of raw materials such as limestone used for making cement. At four transactions 
upstream, we have 984 potential transactions, which might include the 
provision of capital equipment to mine the limestone, amortised over its life 
(i.e. just the share of that equipment’s value used to mine that limestone). At 
fi ve transactions upstream, we have 985 potential transactions, which might 
include the manufacture of sheet steel to make the machinery used for mining 
the limestone. These numbers are starting to get beyond our ability to 
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comprehend them, with a total number of potentially non-zero pathways at 
the sector level, at fi ve stages upstream, according to these simplifi ed 
calculations, of 9,132,395,678.

The system boundary of input-output analysis is economic, such that if a 
sector pays for any product or service, the inputs to that product or service are 
counted. It is this power that is the main benefi t of input-output analysis. 
However, the same features that give the technique this power are also its 
greatest source of error. Aggregation of commodities and establishments into 
sectors reduces the relevance of the results to any particular product or region. 
The economic system boundary that gives input-output analysis its depth and 
breadth results in errors when these fi nancial fl ows are attributed to physical 
quantities of materials or environmental loadings. Having said that, the results 
of input-output models are often quite close to the results from process analyses, 
though are often higher due to the greater system boundary completeness.

At best, a detailed process analysis may be capable of quantifying the inputs 
or outputs of a product system to two or three stages upstream of the main 
process (Stage Zero). As Figure 3.5 shows, a signifi cant quantity of these inputs 
or outputs can occur further upstream of this. For example, on average for the 
Australian economy, represented by 106 sectors (based on 1996-97 input-
output tables (ABS 2001a)), 28 per cent of the energy requirements associated 
with the production or supply of goods and services occurs upstream of Stage 
Three (three transactions upstream of the main process). This highlights the 
importance of input-output analysis, as tracing entire supply chains using a 
process analysis approach is virtually impossible (Treloar 2007).
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Figure 3.5  Total energy requirements of Australian industry sectors by stage, based on 
1996-97 input-output tables

HYBRID ANALYSIS

Due to the quite specifi c limitations of process analysis and input-output 
analysis, some have sought to combine the best of both worlds. A number of 
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researchers have suggested and demonstrated a number of hybrid LCI 
approaches (inter alia Bullard et al. 1978; Moskowitz and Rowe 1985; Lave et 
al. 1995; Treloar 1997; Hendrickson et al. 1998; Joshi 1999; Suh 2002; Strømman 
et al. 2009).

In a tiered hybrid LCI (Suh and Huppes 2002), the direct and downstream 
requirements (for manufacture, use and end-of-life) and some important 
lower-order upstream requirements of the functional unit are examined in a 
detailed process analysis, while remaining higher-order requirements (for 
materials extraction and manufacturing) are covered by input-output analysis. 
In this way, the advantages of both methods – that is, completeness and 
specifi city – are combined. Moreover, the selection of a boundary for the 
production system becomes obsolete. But this technique still uses input-output 
analysis as a black box, relying on the consultant to decide which processes are 
important and require analysis. This can only resolve the upstream truncation 
error for items that the user decides are relevant. If the user chooses to start 
the input-output analysis at the highest point in the supply chain (for example, 
the construction of a building), all opportunities are lost for integrating 
potentially available and more accurate process data. As the supply chain is 
disaggregated to allow the integration of process data, the potential exists 
for sideways (e.g. minor goods and services) and upstream (higher order 
processes required to support a lower order process) truncation errors as 
physical fl ows are almost invariably favoured over the economic system 
boundary upon which input-output analysis derives its power, as discussed 
above and as shown diagrammatically in Figure 3.6.

The hybrid LCI model developed by Treloar (1997; 2007) does away with 
many of these problems by starting with a disaggregated input-output model, 
in to which available process data is integrated. This avoids the possibility for

Iron and steel Downstream

Upstream

Cement

Building 
construction 

Structural 
metal products 

Advertising…

Concrete

Stage 1 Stage 2 Stage 0 Stage ∞ 

Limestone…

Upstream 
truncation

Downstream 
truncation 

Sideways 
truncation 

Source: Adapted from Treloar 2007.

Figure 3.6  Upstream, downstream and sideways truncation errors in the building 
construction system boundary
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the truncation errors discussed above. Initially, the input-output model can be 
used to scope a product to identify the most signifi cant inputs or outputs. It is 
then possible to target efforts towards reducing the environmental impact of 
particular processes. The use of this hybrid approach for assessing the resources 
and emissions attributable to the built environment removes some of the 
errors associated with previous studies, using process-based methods of 
assessment. This hybrid LCI approach (known as input-output-based hybrid 
analysis) is described in more detail in Section 4.4.2.

3. 3.3 Life cycle impact assessment

Life cycle impact assessment, or LCIA, the third phase of an LCA, translates the 
results of the LCI analysis into numerical indicators for specifi c categories, 
which refl ect the environmental loading of the system or product (Evans and 
Ross 1998). The purpose of the LCIA is to evaluate the magnitude and 
signifi cance of potential environmental impacts of a product system based on 
the fi ndings from an LCI analysis. The LCI fi ndings, which specify quantities of 
resources, energy, water, waste and emissions associated with a particular 
product system, are translated into the impact that these environmental 
loadings may have on the environment. Whilst an LCI will provide useful 
information for decision making, its usefulness can often be limited by the 
disconnection between these environmental loadings and their impact on the 
environment. For example, the environmental impacts associated with the 
consumption of energy required to manufacture a particular product may 
differ signifi cantly depending on a number of factors, including:

• type and source of fuel used
• greenhouse emissions intensity of the fuel used
• energy generation processes and technologies
• effi ciencies of production and consumption.

Assuming that the consumption of a certain quantity of energy results in 
similar environmental impacts regardless of variations in the factors listed 
above would be erroneous. For this reason, quantifi ed environmental loadings, 
such as energy consumed or waste produced, must be translated into an 
impact that these loadings have on the natural environment. Similarly, the 
potential impacts resulting from different outputs, such as carbon dioxide and 
methane emissions, may vary considerably, even for similar quantities. The 
LCIA attempts to clarify which is worse, based on the quantifi ed inputs and 
outputs and their potential hazardous impact on the environment.

The LCIA phase involves the following steps:

• selection and defi nition of impact categories
• classifi cation
• characterization
• normalization
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• grouping
• weighting
• data quality analysis.

3.3.3.1 Selection and defi nition of impact categories

The fi rst step involved in an LCIA is to defi ne the impact categories associated 
with the environmental loadings that have been quantifi ed in the LCI. The 
choice of impacts that are considered and their level of detail are determined 
during the goal and scope defi nition phase of the study. Some of the most 
common impact categories used for an LCIA are listed in Table 3.2.

The inventory analysis, or LCI, results can then be inserted into these 
categories, based on meaningful value judgements. Again, the level of detail 
and depth of this step is defi ned in the scope and goal defi nition phase of the 
LCA. Here, it can again be seen that any decisions made during the initial 
phase of an LCA will infl uence and have a fl ow-on effect throughout the 
entire study. That being said, the iterative nature of an LCA allows for 
additional impact categories to be considered should they be identifi ed as 
important to the assessment. This may come about by the discovery of 
additional inputs or outputs to the product system and/or an impact that 
these may have on the environment or human health that had not been 
clearly identifi ed during the scoping phase of the study.

 Table 3.2 Common impact categories used in a life cycle assessment

Impact category Defi nition

Global warming Increase in the Earth’s average 
temperature

Depletion of minerals and fossil fuels Consumption of non-renewable energy or 
material resources

Photochemical oxidation (smog) Emission of substances (VOCs, nitrogen 
oxides) to air

Human toxicity Human exposure to an increased 
concentration of toxic substances in the 
environment

Ozone depletion Increase of stratospheric ozone breakdown

Eutrophication Increased concentration of chemical 
nutrients in water and on land

Water use Consumption of water

Land use Modifi cation of land for various uses

Acidifi cation Emission of acidifying substances to air and 
water

Ecotoxicity Emission of organic substances and 
chemicals to air, water and land
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3.3.3.2 Classifi cation

The classifi cation process involves assigning LCI results to the selected impact 
categories. For example, the release of a range of greenhouse gases may be 
classifi ed into the global warming category, as the release of these greenhouse 
gases impacts on global warming. Likewise, the release of phosphates and 
nitrates into the environment can result in an unnatural concentration of 
these nutrients in an ecosystem and, as such, they are often classifi ed as a 
eutrophication impact. Often, certain inputs or outputs of a product system 
may contribute to more than one environmental impact and must be assigned 
to multiple impact categories either on a proportional basis or wholly to each 
impact category to which they contribute. For example, the consumption of 
energy could affect both global warming, through the release of greenhouse 
gases from combustion, and the depletion of natural resources, depending on 
the source and type of energy used. Additional examples of the classifi cation 
of impacts are shown in Table 3.3.

Table 3.3 Impact classifi cation for some common impact categories

Impact category Example LCI data Characterization factor

Global warming Carbon dioxide (CO2)
Nitrogen dioxide (NO2)
Methane (CH4)
Other greenhouse gases

Global warming potential 
(carbon dioxide (CO2) 
equivalents)

Resource depletion Quantity of minerals used
Quantity of fossil fuels used

Resource depletion potential 
(ratio of resources used to 
quantity of resources left in 
reserve)

Land use Quantity of landfi lled waste
Other land modifi cations

Land availability (volume of 
waste)

Eutrophication Phosphate (PO4)
Nitrogen oxide (NO)
Nitrogen dioxide (NO2)
Nitrates

Eutrophication potential 
(phosphate (PO4) equivalents)

Acidifi cation Sulfur oxides (SOx)
Nitrogen oxides (NOx)
Hydrochloric acid (HCL)
Ammonia (NH4)

Acidifi cation potential 
(hydrogen (H+) ion equivalents)

Ozone depletion Chlorofl uorocarbons (CFCs)
Hydrochlorofl uorocarbons 
(HCFCs)
Halons

Ozone depleting potential 
(trichlorofl uoromethane 
(CFC-11) equivalents)

Source: Based on SAIC 2006.
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3.3.3.3 Characterization

The characterization process involves calculating the category indicator 
results. The results from the LCI are converted to common units based on 
conversion or characterization factors that indicate particular impacts to 
human or environmental health. By translating the different LCI results into 
directly comparable units, they can then be directly compared within each 
impact category.

For example, greenhouse gases are often expressed in CO2 equivalents. LCI 
results detailing the quantity of different greenhouse gases emitted for a 
product system can be multiplied by specifi c CO2 equivalents or characterization 
factors to provide an overall indication of global warming potential (see 
example in Section 4.5.3 of Chapter 4). This way, different quantities of 
different substances can be compared equally to determine the impact that 
each one has on global warming. Some characterization factors are shown in 
Table 3.3 for some of the most common impact categories.

3.3.3.4 Normalization, grouping and weighting

After the LCI results have been characterized, they may then need to be 
expressed in a way that allows for direct comparison across impact categories. 
This process, known as normalization, divides the indicator results by a selected 
reference value. These may be compared on a per capita or per unit basis or 
compared to the highest value among all options. Normalization may provide 
a clearer indication of the signifi cance of particular indicator results.

Grouping provides a way of sorting impact categories into specifi c areas. 
Impact categories may be sorted by their particular characteristics (such as 
inputs and outputs or by location) or by a ranking of their signifi cance. This 
grouping of impacts can be useful for the interpretation of fi ndings.

The weighting process involves assigning weights or numerical values to the 
different impact categories assessed based on their perceived importance. 
This process must refl ect the original goals of the study and the values of the 
relevant stakeholders. For example, the consumption of water and the 
resultant depletion of water reserves may be of great concern and of high 
importance in locations where it is in limited supply but not so much in 
locations where it is in plentiful supply. Weighting factors allow the importance 
of different impact categories, such as global warming and eutrophication, to 
be compared. However, ranking the importance of one potential impact 
over  another is a highly subjective process and relies on value judgements 
about how signifi cant the potential impacts from each category are compared 
to those from another. For example, is global warming and its potential 
impacts on human and environmental health a more important concern 
than the pollution of our water supplies? Different individuals or organizations 
will have different priorities and preferences and therefore it is highly likely 
that they may each reach different fi ndings based on the same indicator 
results.
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3.3.3.5 Data quality analysis

The fi nal stage of the LCIA phase involves verifying the accuracy of the results 
obtained. The fi ndings from the LCIA stage are only as accurate, reliable and 
complete as the data sources and collection methods allow. Incomplete or 
unreliable data will inevitably lead to an inaccurate representation of potential 
environmental impacts. As each phase of an LCA is dependent on and 
infl uenced by each previous phase, it is extremely important that each of 
these phases is conducted with the intended application of the fi ndings in 
mind at all times. It is also important that the potential uncertainty and 
sensitivity of the fi ndings from the LCIA are known. This can be used to inform 
the level of confi dence that can be put into any claims made on the basis of 
these fi ndings. Uncertainty analysis can be used to determine the level of 
uncertainty associated with particular data and assumptions and how these 
might affect the reliability of the LCIA results. Sensitivity analysis is used to 
determine how any changes in the data or assumptions might affect the 
results of the LCIA.

As the LCIA phase also involves reviewing the goal and scope of the LCA to 
ensure that the study objectives have been met, these analyses may also guide 
the iterative LCA process and result in revision of the other LCA phases. The 
iterative approach to LCA means that if alterations to the goals or scope of the 
study are necessary, based on the fi ndings of the LCIA, then aspects of the 
study can be re-visited to address these changes.

3.3.4 Interpretation

The fourth and fi nal phase involved in an LCA is the interpretation of fi ndings. 
This phase involves combining the results from both the LCI and the LCIA 
(Phases Two and Three) in order to determine the most important inputs, 
outputs and potential environmental impacts of any product system 
(International Standard 14043 2000). The information obtained from these 
previous phases is identifi ed, qualifi ed, checked and evaluated. Conclusions 
can then be drawn and recommendations made, with particular emphasis on 
the identifi cation of areas for improvement. This step is commonly referred to 
as improvement analysis for this reason.

The main steps involved in this phase include:

• identifying signifi cant issues
• evaluating results
• drawing conclusions
• explaining limitations
• providing recommendations based on the fi ndings of the preceding phases 

of the study.
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3.3.4.1 Identifi cation of signifi cant issues

The information obtained from the LCI and LCIA phases is reviewed to identify 
the data that has the most infl uence on the LCA results. This step guides the 
evaluation of results, so that effort is placed mostly on those impacts that are 
found to be most signifi cant or represent the greatest contribution, or on the 
data and assumptions that have the most signifi cant impact on the study 
fi ndings. The issues that have the most signifi cant impact on the study fi ndings 
can range from specifi c inputs or outputs (such as energy use or emissions), 
impact categories (such as global warming or resource depletion) or particular 
life cycle stages or processes (such as raw materials extraction or manufacture).

3.3.4.2 Evaluation of results – completeness, consistency and 
sensitivity

The evaluation step involves determining the level of confi dence and reliability 
that can be attributed to the study fi ndings. The completeness of the study 
must be assessed to ensure that all relevant inputs, outputs and impacts have 
been considered. This ensures that all of the data and information needed for 
the interpretation of the fi ndings is available and complete and that it refl ects 
the intended goals and scope of the study. If information or data is found to 
be missing then a reliable assessment cannot be performed and it may be 
necessary to re-address certain aspects of the study in order to fi ll these gaps.

A consistency check should be conducted to ensure that assumptions, 
methods, allocation of impacts, data collection and system boundaries are 
consistent across the entire study, especially where alternative options are 
being assessed. Inconsistencies within a study may occur due to the data 
sources used, the geographical or technological coverage of the data, the 
accuracy and age of the data or the methods used to collect or assess the data 
and the respective environmental impacts.

A sensitivity check is performed to assess the reliability of the fi nal results 
and how they may be affected by the data, methods or assumptions used. By 
testing the potential variations in the methods and data used and the 
assumptions made, the infl uence of these choices on the fi nal results can then 
be ascertained. The results obtained from the study are compared to the results 
that would be obtained if certain data, assumptions or other study parameters 
were altered. The sensitivity is then expressed as the possible deviation of 
results and signifi cant changes can be identifi ed (International Standard 14044 
2006). Typically those issues found to be most signifi cant are given most priority 
when assessing the sensitivity of results. The intended use of the results will 
direct the level of reliability that is considered acceptable and determine 
whether or not more extensive analysis may be required. A sensitivity analysis 
is demonstrated in more detail in Section 4.5.6 of Chapter 4.
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3.3.4.3. Conclusions, limitations and recommendations

The fi nal stage of the interpretation phase involves drawing overall conclusions 
from the study, identifying potential limitations and making recommendations 
based on the study fi ndings. The overall conclusions are drawn by considering 
the various factors, such as the most signifi cant issues, the completeness and 
consistency of methods and results, the intended goals of the study and any 
limitations. The limitations may be related to the way in which data has been 
collected, analyzed and interpreted. Recommendations related to the 
intended application of the fi ndings can then be made that best inform the 
intended audience and decision makers.

The major recommendation of a comparative LCA study will generally be 
related to which product or process has the least overall impact on the 
environment or human health. For a baseline LCA, where product or process 
improvement is the major goal, the study conclusions may include a list of 
areas where the greatest issues exist and greatest improvements can be 
achieved. Whilst an LCA study does not provide clear-cut solutions to particular 
problems, through the interpretation of the study fi ndings by experienced 
professionals the study report may recommend ways in which particular 
products or processes may be modifi ed to lower these environmental impacts. 
Any recommendations will be related to the stated goals of the study and the 
concerns of the intended audience and other stakeholders.

In some comparative studies there may be some instances where one option 
is not clearly better than the other due to the uncertainties or limitations of 
the study or the level of importance put on different impacts by different 
people. Due to the somewhat subjective nature of this phase of an LCA, the 
conclusions drawn by one person may differ from those of another. In this 
situation, the results can be used to inform decision makers of the areas where 
the most signifi cant impacts are occurring. Product or process improvement 
may become the main use of the study fi ndings and these will be extremely 
useful in directing this task. The results of this fi nal phase of the study are then 
presented in a way that meets the requirements as set out in the goal and 
scope defi nition phase, depending again on the intended use of the fi ndings 
and their intended audience.

 3.4 How can life cycle assessment be used?

Governments, organizations and even individuals are becoming increasingly 
aware of the benefi ts that LCA offers, particularly as society becomes 
increasingly environmentally conscious and the necessity to reduce our impact 
on the environment becomes more widely recognized.

A life cycle assessment is capable of providing input into a broad range of 
everyday environmental decisions. Whilst the initial reasons and intended 
goals of undertaking an LCA study may vary considerably from one study to 
the next, the underlying objectives of all studies typically remain the same. 
These objectives are usually either:
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• to help manufacturers, designers, specifi ers and consumers identify and/or 
compare the environmental performance of one or a number of products, 
processes or services in order to determine the most environmentally 
friendly option across the entire life cycle of the product or service; or

• to provide a basis for identifying areas of potential improvement in the 
environmental performance of a particular product or process.

The uses of LCA are broad and, as highlighted by Sonneveld (2000), may 
include:

• targeting and tracking environmental improvement
• identifying cost and environmental savings from improved resource 

effi ciency
• managing environmental information
• complying with emerging international standards and market requirements
• progressing towards ecologically sustainable patterns of production and 

consumption
• setting and managing public policy
• providing information for product marketing claims and support for 

eco-labelling programmes
• providing information for environmentally responsible design.

According to a survey by Cooper and Fava (2006), the main reasons why LCA is 
used are to support business strategy (18 per cent) and research and 
development (18 per cent), as an input to product or process design (15 per 
cent), for education (13 per cent) and for labelling or product declarations (11 
per cent).

3.4.1 Environmental improvement

Whilst an LCA can be used for a wide range of purposes, the most useful of 
these is for product development and improvement. Improvements to the 
environmental performance of existing company processes or practices may 
be dictated by the need to comply with external regulations or even internal 
company policies. This can lead to considerable environmental and fi nancial 
benefi ts to an organization. As well as providing competitive advantage over 
competing products or organizations, providing consumers with 
environmentally preferred choices also provides a pathway to signifi cant 
reductions in global environmental impacts.

LCA is often used to compare the environmental loadings of alternative 
processes within a product system, to assist in identifying the best possible 
choices of action. Decision makers are then able to adapt existing processes 
with this knowledge in mind, confi dent that improvements to environmental 
performance are actually being made. An example of this may be where a 
particular technology or process for milling timber can be assessed for the 
quantity of energy and other resources being consumed as well as the waste 
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being produced per unit of timber output. An alternative milling technology 
or process that has the potential to improve the effi ciency of production 
(whether from an energy, resources or waste point of view) may then be 
assessed to determine the potential environmental improvements that are 
able to be made for the milling process in question. Comparisons of this nature 
can often involve a detailed level of priority setting and compromise when it 
comes to selecting the preferred alternative. One alternative may result in 
lower impacts within one parameter (for example, a reduced quantity of 
greenhouse gas emissions through a reduction in energy consumption), but a 
higher level of impact for another parameter (such as an increase in water 
consumption). This is where the impact assessment and weighting of priorities 
becomes an extremely important component of an LCA study, as discussed in 
Section 3.3.3.

However, if an LCA is performed on a particular product or process, as per a 
baseline LCA, then the objective may be to inform the designer, fi rst, that the 
product is within a specifi ed limit (and no modifi cation is necessary) or, second, 
how to modify the product or process in order to decrease its overall 
environmental impact. The nature of an LCA allows iterative improvements to 
occur by assessing the performance of these improvements as they are made 
and modifying the product or processes to further reduce environmental 
impacts.

3.4.2 Strategic planning

By being able to identify the range of environmental impacts from a particular 
product or process, decision makers are often in a better position to prioritize 
improvement strategies and allocate funding in order to maximize any potential 
environmental benefi ts. Effort and funding may be targeted towards replacing 
and modifying ineffi cient equipment or processes. By linking the improvement 
strategies to potential benefi ts, value can then be maximized. This strategy is 
often aligned with meeting existing and emerging compliance requirements 
and potential future market demands to ensure that a business stays viable and 
competitive in an ever-changing market-place with an increasing focus on 
environmental performance. LCA can be used to identify potential opportunities 
for a business that may otherwise have been overlooked. These may involve 
defi ning strategies for ensuring or growing market share, particularly through 
improving or emphasizing the environmental attributes of their operations or 
products; meeting or complying with existing or possible future environmental 
standards; or minimizing possible future liabilities, risks or costs associated with 
compliance or shifting market demands.

3.4.3 Public policy making

An LCA can be used to help inform the development, implementation and 
management of public policy, such as those policies related to environmental 
performance of the built environment. For example, policy can and has been 
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used to improve the environmental performance of buildings through the 
establishment of building regulations that deal with their operational 
effi ciency, such as mandatory effi ciency targets for heating and cooling 
(Building Commission 2008). In this case, LCA studies have helped to clarify 
where signifi cant environmental improvements are needed within the 
building life cycle, and policy and regulations have been developed to help 
address these issues.

Ensuring that policy decisions are having the intended outcome and not 
resulting in unforeseen negative environmental, fi nancial or social implications 
is also critical. LCA can be used to measure the potential impact that any 
existing or proposed future policy decisions may have on achieving benefi cial 
environmental outcomes. For example, the implementation of policies that 
lead to the specifi cation of minimum building insulation levels can be assessed 
by taking into account and balancing the potential energy and emissions 
savings against the additional resource requirements associated with 
production of the insulating materials.

3.4.4 Marketing and eco-labelling

With consumers becoming more aware of environmental issues and demanding 
products that conform to particular environmental standards or address 
specifi c environmental concerns, manufacturers are beginning to use LCA to 
inform potential consumers of their product’s environmental attributes. This 
can be extremely useful as a marketing tool or to maintain or even enhance 
their competitive advantage. With greenwash becoming more and more 
prevalent, manufacturers are likely to be increasingly forced into providing 
reliable evidence to support their claims. LCA can be used to identify potential 
environmental benefi ts or attributes of a particular product or process over 
their own or a competitor’s alternative product or process. Many ‘green’ 
marketing claims are often based around the fi ndings of such studies and the 
scientifi c basis of an LCA is useful for substantiating these claims. An LCA can 
also be used to demonstrate that particular product improvements have 
resulted in reduced environmental impacts, such as a reduction in greenhouse 
gas emissions, and this information may then be presented to consumers 
through a product declaration or so-called eco-label.

In 2009, Wolf Blass Wines introduced their Green Label wine product, which 
uses a PET bottle in place of the traditional glass packaging. An LCA study was 
used to compare the greenhouse gas emissions from both forms of packaging, 
which showed that across the life cycle of the product, the PET bottle produced 
up to 29 per cent fewer greenhouse gas emissions than the glass alternative 
(Anon. 2009). Wolf Blass have since been using the fi ndings of the LCA study 
to promote the plastic product as an environmentally preferred alternative 
and most importantly to market themselves as a company that is taking an 
environmentally conscious approach to their operations.

LCA is often used as the basis for environmental labelling and rating 
schemes, with the fi ndings used to provide environmental information to 
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consumers in simple and easily comparable terms. Examples of environmental 
labelling include fuel consumption labels that disclose the fuel effi ciency of 
motor vehicles and energy or water rating labels indicating the energy or 
water effi ciency of domestic appliances. The procedures for measuring the 
consumption fi gures presented within these labelling schemes are often 
specifi ed by related standards (for example, International Standard 14025 
2006), ensuring that consumers are able to reliably compare competing 
products on a common basis.

3 .5 International LCA standard – ISO 14040 series

The pressure from various environmental organizations to standardize LCA 
methodology in the early 1990s led to the establishment of a standard on life 
cycle assessment by the International Organization for Standardization. This 
standard was fi rst published in 1997, outlining the principles and framework 
of LCA (Environmental Management – Life Cycle Assessment – Principles and 
Framework (International Standard 14040 1997)). In 1998, International 
Standard 14041 (Environmental Management – Life Cycle Assessment – Goal 
and Scope Defi nition and Inventory Analysis) was released, outlining the goal 
and scope defi nition and inventory analysis phases. International Standard 
14042 (Environmental Management – Life Cycle Assessment – Life Cycle Impact 
Assessment) and 14043 (Environmental Management – Life Cycle Assessment 
– Life Cycle Interpretation), outlining the impact assessment and interpretation 
phases, respectively, were released in 2000. All of these standards have now 
been superseded by, and combined into, two standards that were released in 
2006: Environmental Management – Life Cycle Assessment – Principles and 
Framework (International Standard 14040 2006) and Environmental 
Management – Life Cycle Assessment – Requirements and Guidelines 
(International Standard 14044 2006).

These international standards describe the principles and framework behind 
life cycle assessment and defi ne each of the phases and steps involved in 
conducting an LCA. Ultimately they provide guidance to those conducting LCA 
studies and outline several requirements and recommendations to ensure that 
these studies are conducted in a transparent manner. These guidelines also 
help to ensure that LCA studies are performed in a consistent manner so that 
comparative assertions of the environmental performance between different 
products and processes can be made.

Despite the comprehensive nature of these standards, there remains at 
least one major limitation to their application. When defi ning the system 
boundary and those inputs and outputs to be considered, the standard states 
that ‘… resources need not be expended on the quantifi cation of such inputs 
and outputs that will not signifi cantly change the overall conclusions of the 
study’ (International Standard 14040 2006: 12). As highlighted by Suh et al. 
(2004), it is very diffi cult to determine whether individual inputs and outputs 
will have a signifi cant impact on the overall conclusions, particularly prior to 
data being collected. How can a system boundary be established not knowing 
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whether certain inputs and outputs are going to be signifi cant? The current 
approach to system boundary selection therefore leaves considerable scope 
for incomplete system boundaries and hence may lead to the omission of a 
signifi cant number of the inputs and outputs associated with a product 
system. One solution to this problem is to use input-output analysis to assist 
in identifying those inputs that may be most signifi cant. Further data collection 
efforts can then be targeted towards these areas and greater confi dence 
can be gained from knowing that all signifi cant inputs have been included in 
the assessed system. This issue is but one of a range of limitations associated 
with the application of LCA, of which some are outlined in the following 
section.

3 .6 Limitations of life cycle assessment

While other forms of environmental assessment have been in existence for 
much longer, the most basic forms of LCA were developed in the 1960s in the 
United States amid concerns over the depletion of raw materials and energy 
resources (SAIC 2006). Despite this, the awareness of LCA was not widespread 
in many countries until at least the 1990s. The recent awareness and 
penetration of LCA in many countries around the world has still not resulted 
in its widespread implementation (Rebitzer and Schafer 2009). Quite often, 
LCA is not something that can be easily or rapidly implemented, because of a 
number of problems and limitations still associated with its use. Many of these 
problems or limitations result from the subjective nature of the decisions 
made within an LCA study, such as defi ning system boundaries, selecting data 
sources and weighting potential impacts. Some of these limitations are 
discussed in this section.

3.6.1 Lack of knowledge and awareness

Although concern for the global environment has been growing in recent 
years, there is still a need to increase the awareness of the impacts that human 
activity is having on the environment and the actions that can be taken to 
minimize them. One method of encouraging the use of LCA as a tool for 
assessing environmental impacts and improving environmental performance, 
other than fi nancial incentives and legislation, is to educate people, businesses 
and governments in order to emphasize the environmental consequences of 
their actions. Decision makers should be made aware that a tool such as LCA 
could be used to assess these impacts and determine where improvements 
could be made, or to assist in choosing an environmentally benign alternative. 
A survey conducted by the Packaging Digest (2008) in 2008 found that of the 
criteria used to evaluate the environmental sustainability of packaging, only a 
quarter of respondents were aware of the importance of the life cycle 
framework that LCA provides. The low levels of awareness found in this study 
confi rm the results of similar previous studies by Berube and Bisson (1992), 
Miller (1995), Ofori (1998), Tan et al. (1999) and Kien and Ofori (2002).
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The lack of awareness of LCA in many countries, such as Australia, is mainly 
due to its relatively recent introduction into these countries. There is no history 
of its methodological development as in some parts of Europe and the United 
States and therefore knowledge, experience and understanding is limited 
amongst academia, government, industry and public stakeholders (Deni 
Greene Consulting Services 1992; Jensen et al. 1997; Evans and Ross 1998; 
Sonneveld 2000). Due to this lack of awareness, there are diffi culties obtaining 
information and data from various sources, which may either not be available 
in the required format or not available at all (Sonneveld 2000). However, the 
awareness and use of LCA is steadily growing as the number of interested 
stakeholders increases. This is being supported by the realization of the 
potential for LCA to comprehensively assess the impacts of products on the 
environment and, in many cases, inform opportunities for providing a 
competitive edge over competitors.

With a signifi cant increase in awareness of the benefi ts and uses of LCA 
amongst industry, government and the general public, further progress may 
be made towards reducing our impact on the environment (Sonneveld 2000). 
The creation of awareness and education amongst all stakeholders of the 
potential benefi ts of LCA should be the main driver for its further uptake and 
application across the world (Rebitzer and Schafer 2009). Only in this way will 
its full potential be exploited.

3.6 .2 Methodological gaps

The LCA tool is still very much in a state of development worldwide. Signifi cant 
conjecture still exists over the most appropriate assessment methodologies, 
data sources and interpretation techniques that should be used. The most 
signifi cant issue surrounds the defi nition of the system boundary. The most 
common forms of LCA (SETAC and ISO) are forced to draw a boundary around 
the process(es) being considered, which potentially limits consideration to 
only a small percentage of the inputs or outputs of the product system, 
thereby making current assessments incomplete. For example, two LCAs of 
the same product may be carried out using different system boundaries, and 
it is possible that they will produce two different results. Treloar et al. (2000b: 
7) have identifi ed a number of key exclusions when using the most common 
forms of LCA, including:

• ‘ancillary activities associated with the process, such as administration
• inputs of services, such as banking and insurance
• further processing of basic materials into complex products
• non-feedstock energy used to make fuels.’

When undertaking the LCI phase of an LCA, some of the inputs are excluded 
without consideration or acknowledgment (Berube and Bisson 1992; Lave et 
al. 1995). The system boundary is commonly drawn at a point where it is 
believed the majority of the inputs to the system have been considered and 
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where any excluded elements could not have any signifi cant impact on 
the environment. This is a value judgement, usually based on past experience, 
and is not based on any scientifi c evidence that any processes further 
upstream  may not be signifi cant. This judgement may not matter when 
considering a small system or one whose lower-order processes are highly 
resource-intensive. However, the uncertainties may be much greater when 
considering a larger system, both in terms of data and associated assumptions 
(Tillman et al. 1994).

The more recent development in the use of input-output data for compiling 
an LCI allows for the accounting of the upstream processes that have 
traditionally been excluded and may contribute to a more comprehensive LCI 
result (Suh and Huppes 2002). Input-output data is believed to be considerably 
less reliable than traditional process data as it is based on national average 
data, but it is none the less more complete as it includes a greater range of 
inputs required for any particular process (Treloar 1997). The use of hybrid LCI 
methods may help to resolve many of the limitations and issues associated 
with these more traditional LCI methods.

3.6.3 Geographic issues

Variations in data, potential environmental impacts and the importance of 
particular impacts can be quite signifi cant across global geographic boundaries. 
Production and manufacturing processes can vary considerably from country 
to country, as can the types of fuel used, the source of raw materials, 
transportation distances and the relevance of specifi c impact categories. This 
variation can even be quite signifi cant between areas within the same country. 
For example, the Australian state of Tasmania relies on low-polluting hydro 
power for at least 71 per cent of its energy supply (DIER 2009) compared to 
the other states of Australia that rely heavily on coal and natural gas. Products 
produced in Tasmania are generally less greenhouse emissions-intensive than 
their equivalent from other states of Australia, assuming similar technologies 
and manufacturing processes. Relying on data from other countries or areas 
that have vastly different production characteristics can result in considerable 
errors in LCA fi ndings when these are assumed to apply to local conditions. 
The most accurate and reliable fi ndings are usually obtained where product, 
process, technology and location-specifi c data for the particular product being 
studied is used.

3.6 .4 Availability and quality of life cycle inventory data

An LCI involves the collection of a wide range of data from a variety of sources. 
The level of confi dence that can be placed on LCA fi ndings is reliant on the 
availability and use of appropriate data. Berube and Bisson (1992) and Lewis 
and Demmers (1996) have identifi ed data availability, its accuracy and the cost 
of obtaining it as major inhibitors to the use of LCA. The availability of data 
depends on the extent to which data is being collected and the willingness of 
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other companies to make their data available (Lewis and Demmers 1996). 
Some data is regarded as commercially sensitive by companies who wish to 
avoid public knowledge of their impact on the environment. There is a fear 
that this knowledge may negatively affect their public image or create 
pressure from authorities to introduce costly measures to reduce these impacts. 
Often, the release of this data may only occur if the organization is not 
identifi able or the data is aggregated in a generic form with data from other 
organizations that produce similar products.

As has been touched upon briefl y, many LCA practitioners compensate for 
the lack of available data by using national averages to obtain a typical 
description of the product or process being studied. This data is often what is 
contained within pre-compiled LCI databases providing an aggregation of a 
number of similar products or processes within a country or region. As such, 
this data is often not specifi c to any one product or process. As these processes 
become more detailed, the range of error between the national average and 
the product or process being studied becomes greater and greater. Boustead 
(1996) illustrated the dangers of relying on data that is not specifi c to the 
product being studied. For example, there will always be variations in the way 
in which different manufacturers perform, based on different ages and sizes 
of plant, the location of the plant, and variations in the way in which the plant 
is maintained and managed.

The quality of this data is fundamental to the quality and validity of any 
LCA study (Verbeek and Wibberley 1996; Weidema and Wesnaes 1996). If data 
used in the LCI phase of the LCA is unreliable, then the results obtained for the 
downstream phases of the LCA study will only be as good as this data allows. 
This cumulative error emphasizes the importance of the fi rst two phases of an 
LCA: that is, defi ning the correct goals and scope of the study, along with 
collecting the right data in the LCI, both in terms of quality and depth.

The quality of the data relevant to a specifi c study will depend on a number 
of factors, as outlined by Lewis and Demmers (1996), and includes:

• geographic coverage – whether the data is specifi c to the factory or locality 
being considered. The impacts of a particular product or process can differ 
signifi cantly between locations or companies

• time period covered – this must be long enough to average out any 
signifi cant variations that can occur in data over time

• when the data was collected – the age of the data will determine its 
accuracy

• technology – the data should relate to the specifi c technology used in the 
processes, whether it be old or new. This factor can impact greatly on the 
LCA outcomes.

As mentioned in Section 3.3.2.2, over recent years LCI methods based on input-
output analysis have been developed that attempt to overcome the lack of 
product-specifi c data and the problems associated with gathering this data 
(Lave et al. 1995; Pullen and Perkins 1995; Treloar 1997). However, these 
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approaches also have their own problems and limitations, including 
homogeneity and proportionality assumption and sector-level aggregation.

Homogeneity assumption is the assumption that all of the products 
produced by a single economic sector are produced in fi xed proportions or are 
direct substitutes for each other, and, moreover, that each sector has a single 
input structure and there is no substitution between products of different 
sectors (Carter et al. 1981; Miller and Blair 1985; Worth 1993). The sectors into 
which the economy is divided are homogenous in an economic sense but not 
necessarily in terms of resource fl ows (Worth 1993). Although attempts are 
made to minimize the errors associated with the homogeneity assumption, 
Pullen (1995) has estimated these errors to be in the order of ±18 per cent.

The use of input-output tables assumes that industries within a sector will 
pay the same price for products from other sectors. It also assumes that a 
change in output from a particular sector will lead to a proportional change 
in the inputs to that sector (Carter et al. 1981; Worth 1993). With economies 
of scale or other changes in the manufacturing processes (e.g. reduced labour), 
this assumption may become invalid (Worth 1993).

However, most of the problems associated with the validity of input-output 
data relate mainly to high levels of aggregation (Sebald 1974; Bullard and 
Sebald 1988; Suh and Huppes 2002). Due to this aggregation, the number of 
sectors in current input-output tables is very limited in comparison to the vast 
number of industries, products and services that form part of most economies 
(Voorspools et al. 2000). Furthermore, as input-output tables are not usually 
designed for assessing the environmental impact of products and processes, a 
large number of the industries that are associated with signifi cant resource 
consumption and emissions are highly aggregated (Kohn 1972). Miller and 
Blair (1985) have estimated the combined errors associated with input-output 
data to be in the order of ±50 per cent. Despite this, Lenzen (2001: 128) has 
demonstrated that the errors associated with input-output data are ‘often 
signifi cantly lower than the truncation error of a typical process-based LCA.’

The quality and depth of LCI data, and its gathering, is the basis of any LCA. 
This collection of data must therefore be carried out with the greatest care 
and attention if the LCA is to be truly purposeful. In striving to maximize the 
data quality and minimize problems associated with data collection, a balance 
must be struck between the use of more reliable process data and the more 
comprehensive national average input-output data.

3.6.5 Time and cost-intensive

Other problems with LCA, such as the lack of data and low levels of awareness 
of the LCA tool, have contributed to LCA being time-consuming and expensive 
to perform. The complex and sometimes diffi cult task of data collection has a 
signifi cant impact on the time and costs required to conduct an LCA study 
(Berube and Bisson 1992). Of the data required for an LCA, very little is publicly 
available and thus signifi cant effort is needed to obtain the data that is 
required. Overcoming the data barrier, combined with an increasing 
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knowledge base, will mean that LCA studies should become less time-consuming 
and therefore less expensive to perform (Sonneveld 2000). As data becomes 
more accessible, the labour costs involved in conducting an LCA will decrease. 
Lewis and Demmers (1996) have identifi ed another means of resolving these 
problems of excessive time and costs. This involves recognizing the ‘point of 
diminishing returns’ or the point at which further investment of time or 
money is not justifi ed by the likely benefi ts. The point of diminishing returns 
is where no more time and effort should be allowed than is necessary to 
inform decision making. The fi rst phase of any LCA – the goal and scope 
defi nition – can and should help to defi ne the quality and depth of data that 
is required, thus determining the necessary time and costs involved.

3.6.6 Interpretation of results

A major concern with LCAs that can have a signifi cant impact on the conclusions 
and recommendations made is the assessment and interpretation of 
environmental impacts. Systems that can help to interpret LCIA results are still 
under development (Lewis and Demmers 1996) and there is no generally 
accepted methodology for consistently and accurately translating LCI fi ndings 
into specifi c potential environmental impacts (Finnveden et al. 2009). The 
interpretation of results occurs at the impact assessment phase of an LCA 
where inventory items are linked to environmental problems. This 
interpretation involves value judgements on the relative importance of 
different impacts, such as water pollution, resource depletion and global 
warming. A number of decisions need to be made about the priority of these 
environmental impacts: for example, whether water pollution is more 
important than the emission of greenhouse gases. Whatever decisions are 
made, these, along with any assumptions, should be clearly acknowledged 
and explained (Lewis and Demmers 1996).

Results from an LCA provide an input into a wide range of decision-making 
processes and the fi ndings can be, and are, used for a wide range of purposes. 
However they do not necessarily provide a defi nitive answer to specifi c 
questions. The fi ndings are only indicative of the potential impacts that may 
occur across the life cycle of a product or process (International Standard 
14040 2006: 9). The relevance and usefulness of any fi ndings are determined 
by not only how well the study has addressed the initial goals, but also the 
experience and ability of the LCA practitioner to interpret these fi ndings.

Despite these current issues and limitations, the LCA fi eld has undergone 
rapid advancements over the past two decades and continues to develop and 
progress. This work will help to ensure that in the future many of these current 
limitations are able to be minimized or even completely avoided.

3.7 Summary

Life cycle assessment is but one of a number of tools or techniques that can be 
used to assess the environmental performance of a range of products or 
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processes. The strengths of LCA are numerous and include the ability to 
identify opportunities for improvement in environmental performance, 
compare competing alternatives and inform decision making associated with 
the design process all the way through to government policy setting.

The assessment process can be as simple or as complex as is necessary to 
address the intended use of a study’s fi ndings; however, the practitioner must 
be aware of the potential issues and limitations that this may cause when 
relying on these fi ndings for key assertions. Of the four key phases of an LCA, 
the data collection process is critical to ensuring that a reasonable level of 
confi dence can be given to the study fi ndings and any claims or comparisons 
that are made based on these. The quality, reliability and usefulness of study 
fi ndings can easily be compromised by poor data quality, a lack of data, choice 
of assessment approach or incorrect or unrealistic assumptions.

Despite the relatively long history of the development and application of 
LCA and a set of International Standards describing the LCA framework and 
its application, there remain signifi cant impediments to its widespread use. 
Much of this stems from a continuing debate over appropriate assessment 
methodologies, availability of data, complexities of assessment and time and 
cost constraints.

This chapter has provided an overview of the main steps involved in 
conducting an LCA, as well as the most common uses for LCA studies. LCA is 
able to provide detailed input into a broad range of environmental decisions, 
informing product improvement, consumer choices, policy making, 
eco-labelling and marketing and business strategies.

The use of LCA for assessing the various elements of the built environment 
is crucial for improving the environmental performance of these elements due 
to their complex nature and the amount of time that much of the built 
environment remains in service. Using LCA in the design and management of 
the built environment can lead to signifi cant improvements in its environmental 
performance. The application of LCA in this context can also be extremely 
time-consuming and involved, and a considerable commitment is required 
from all involved stakeholders to ensure the potential benefi ts of using LCA 
are realized.



 

4 Quantifying environmental 
impacts of the built environment

This chapter describes the application of life cycle assessment (LCA) for 
quantifying the environmental impacts associated with the built environment. 
The assessment process is described with specifi c reference to buildings. 
Particular emphasis is placed on streamlined LCA and input-output-based 
hybrid life cycle inventory analysis, as these approaches are considered to be 
most relevant to identifying and assessing the environmental impacts 
associated with the built environment. The use of LCA within the built 
environment is most benefi cial when used during the initial design phase. 
However, due to the considerably long life cycle of buildings and many of the 
other elements within the built environment, changing environmental 
priorities and issues and technological advances over time mean that the use 
of LCA at the other key life cycle stages is also crucial and can be extremely 
useful in decision making.

A residential building case study is used throughout this chapter to 
demonstrate the application of the various stages of an LCA within the built 
environment. This example demonstrates the various steps involved in 
collecting and analyzing data, converting this LCI data to environmental 
impacts and interpreting the fi ndings of an impact assessment. Of particular 
emphasis is the application of the innovative input-output-based hybrid 
approach for conducting an LCI.

There are numerous software tools available to help facilitate the LCA 
process within the built environment. Some of the tools are specifi c to the 
assessment of buildings, whilst others can be used for assessing the 
environmental impacts of a much broader range of products. These tools also 
consider a variety of environmental parameters and impact categories. A 
number of these tools, including the extent to which they cover the broad 
range of life cycle stages and environmental parameters, are described briefl y 
at the end of this chapter.

4.1 Life cycle thinking in the built environment

Buildings and other elements of the built environment are often built to last 
many decades. They also involve consumption of resources and impacts across 
a variety of stages during their life, as described in Chapter 1. For example, the
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Figure 4.1 Inputs and outputs across the building life cycle

construction of buildings consumes enormous quantities of raw materials, 
energy and water and results in the release of a variety of pollutants, 
greenhouse gases and waste, both during the construction stage and 
associated processes (such as material manufacture, transportation etc.). The 
operation of buildings once occupied also consumes large quantities of energy 
and water and produces considerable quantities of waste over the building’s 
life. The eventual demolition or reuse of these buildings is also not without 
requirements for energy, water and other resources. The range of inputs and 
outputs across the various stages of the building life cycle are depicted in 
Figure 4.1.

Buildings are unique in that their size, complexity and resource-intensive 
nature across all stages of their life cycle mean that their impact on the 
environment stems from a large range of disparate processes, systems and 
requirements and is also heavily infl uenced by factors such as human 
behaviour. The relatively long expected life of buildings and many of the 
other elements within the built environment poses a problem when it comes 
to assessing the potential environmental impacts that may result from each of 
these life cycle stages, particularly as these may occur many decades from 
when the building is initially constructed. However, for elements such as 
buildings where impacts are often spread across many stages and years, it is 
crucial that a life cycle approach is used in order to assess and ultimately 
minimize these impacts.

4.1.1 Why is a life cycle approach important?

Many environmental performance studies defi ne the scope of analysis to 
include only a limited number of impacts, processes or stages. This streamlined 
approach (as discussed in more detail in Section 3.2.3 and 4.2.2) may be well 
warranted where evidence exists that provides an indication of signifi cant 
impacts occurring from a particular stage, process or impact category. Often 
though, considerable effort is placed on these elements on the basis of 
incorrect assumptions that these impact categories, processes or life cycle 
stages are where the major issues lie. For buildings, this can be evidenced by 
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the considerable effort placed on assessing and reducing impacts from 
building operation and the lack of consideration of, and effort directed 
towards, construction-related impacts. Some of these defi ciencies may be 
explained by a lack of comprehensive assessment methodologies and a 
previous underestimation of impacts from certain processes or life cycle stages, 
such as construction. Recent studies (such as those by Treloar et al. 2000a and 
Crawford 2008), using the comprehensive LCI assessment technique known as 
input-output-based hybrid analysis, suggest that the energy embodied in 
constructing buildings can be equivalent to the energy required for their 
operation over their life. Previous studies, such as those by Hill (1978) and Cole 
and Kernan (1996), using incomplete LCI assessment techniques indicated that 
the embodied energy component of a building may represent less than 10 per 
cent of its lifetime energy consumption. The assumptions made, and the 
methods and approaches used, can therefore have a signifi cant impact on the 
overall fi ndings of any LCA study. It is important that the LCA practitioner is 
aware of the full life cycle environmental implications of any product or at 
least has an awareness of the potential limitations of the assumptions made 
and assessment methods chosen.

Often, changes or improvements to particular processes or life cycle stages 
can unknowingly have a fl ow-on effect on other processes or life cycle stages, 
both positively and negatively. For example, improvements to the operational 
effi ciency of buildings through the addition of thermal insulation or thermal 
mass (in the form of bricks or concrete, for example) also results in an additional 
requirement for materials and hence additional energy, water and raw 
materials for their manufacture. An example of this is in Council House 2 (CH2) 
– the City of Melbourne’s new offi ce building – where numerous strategies 
have been employed to reduce operational cooling energy requirements to 
around 83 per cent less than that of a conventional building of this type and 
size, which is equivalent to 280 GJ per year (City of Melbourne 2006). One 
strategy that contributes to this saving is the use of a phase change material 
encased within 23 tonnes of stainless steel balls that helps to cool down the 
water being used within the building’s cooling system. The inclusion of these 
balls has added to the quantity of material that would otherwise have been 
required for a conventional cooling system and thus the impacts of this must 
be balanced against the benefi ts that it provides. The energy required to 
manufacture the balls alone equates to approximately 10,190 GJ (based on an 
embodied energy coeffi cient of 443 GJ/t for stainless steel (Treloar and 
Crawford 2010)). Conservatively, assuming that this system itself is contributing 
to half of the cooling energy savings of the building, this would equate to an 
energy payback period (or the time it would take for the energy embodied in 
the stainless steel balls to be offset by the operational energy savings) of over 
70 years, potentially well beyond the life of the system itself and possibly even 
the building.

Taking a life cycle approach, where all life cycle stages are considered and 
the potential effects of changes in each stage on each and every other stage 
are assessed, is crucial to ensuring that the environmental performance of a
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Figure 4.2 The importance of a life cycle approach in the built environment

building or any other product is optimized across its life cycle. This approach 
ensures that the multiple environmental and resource issues across the entire 
life cycle of the building or any element of the built environment are identifi ed. 
In this way, any reduction in impacts at one point does not simply create 
greater impacts at another point in the life cycle.

Figure 4.2 illustrates the importance of taking a life cycle approach to 
environmental improvement. Figure A depicts a situation where only the 
energy-related construction impacts have been considered, showing Building 
A as the better option from the perspective of reducing embodied energy 
associated with construction. Figure B shows what might happen when the 
energy requirements associated with the other stages of a building’s life are 
considered (namely operation and refurbishment). The higher initial embodied 
energy of Building B is a result of the specifi cation of more durable, longer-
lasting materials and components, which reduce the frequency and resource 
requirements of maintenance and replacement, as well as higher levels of 
insulation and more effi cient systems, which reduce the energy associated 
with building operation. The results show that the net energy benefi ts of 
these improvements mean that Building B is actually the preferred option for 
reducing life cycle energy requirements. Life cycle improvement is a much 
more favourable outcome but can only be assured if it forms part of the early-
stage decision-making processes.

4.2 Using life cycle assessment in the built environment

The construction, operation or use and eventual demolition of buildings and 
other elements within the built environment contribute towards a broad 
range of impacts on the natural environment, ranging from global warming, 
waste production, depletion of natural resources, pollution of air, land and 
water and also human health impacts. Suzuki and Oka (1998) believe that 
given the varied materials used in the construction, operation and demolition 
of buildings and other elements of the built environment, the potentially 
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enormous range of environmental criteria that are relevant to these items 
may serve as a severe limitation to the use of LCA methods for assessing their 
environmental performance. Buildings are more complex than many other 
products in that they involve the aggregate effects of a host of life cycles of 
their constituent materials, components, assemblies and systems (Cole 1998). 
However, as noted in Chapter 1, some of the most signifi cant impacts from the 
built environment can be attributed to the consumption of fossil fuels. As 
buildings are particularly energy intensive across their life, existing evidence 
suggests (for example, Junnila and Horvath 2003) that this fossil fuel 
consumption is the most important issue in addressing their impact on the 
environment and the reason why most LCA studies in the built environment 
have energy use as their main point of focus. For elements such as buildings, 
where existing evidence suggests that the most signifi cant environmental 
issues are centred on a limited range of impacts (such as those attributable to 
fossil fuel consumption), a limited scope for an LCA study may be warranted. 
This can be achieved through a streamlined LCA approach.

4.2.1 Supporting decisions across the life cycle

LCA can be useful at the design stage for assessing the potential environmental 
impacts that may result from particular design decisions or choices. It can also 
be a useful tool for assessing environmental impacts associated with 
operational improvement opportunities, refurbishment or maintenance 
strategies or demolition and disposal strategies for elements of the built 
environment at any stage during their life. This is particularly useful for 
buildings, for example, as new construction each year adds less than 2 per cent 
to the existing building stock (Holness 2008). A key opportunity for achieving 
rapid effi ciency gains and environmental improvement in the built 
environment exists in the many existing buildings that are often 
underperforming from an environmental perspective. Due to the long and 
complex life associated with these buildings, many of the decisions associated 
with their original design and construction are still having considerable 
environmental consequences years or decades after they were built.

Whilst the use of LCA during the design phase is important and can help 
direct and inform design decisions, there are no guarantees of what the 
environmental impacts will be, especially for those resulting from the life cycle 
stages furthest into the future (such as refurbishment and disposal). This is 
why it is often important that an LCA is conducted at each of these key life 
cycle stages. Assessing buildings and other elements of the built environment 
at key stages of their life cycle can be extremely benefi cial. It ensures that the 
intended environmental outcomes defi ned during the initial design stage 
have been and are being achieved, assists in decision making needed at each 
of these stages and identifi es opportunities for further environmental 
improvement in light of changing priorities, demands and technologies over 
time. For example, many existing buildings perform poorly from an energy 
and water effi ciency perspective as they were designed well before the costs 
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and environmental advantages of improved operational effi ciency were 
considered of universal importance. By assessing the environmental 
performance of these existing buildings, opportunities for improved 
operational performance can be identifi ed. The most obvious of these 
opportunities is often a reduction in energy consumption through the upgrade 
of existing lighting or HVAC systems. LCA can then be used to assess various 
options for addressing these issues, as well as other refurbishment strategies, 
to ensure that net environmental benefi ts are being achieved.

The value of resources changes over time and many of the raw materials 
used to produce existing construction materials may either be depleted or 
close to depletion by the time our current new buildings come to the end of 
their physical life. As such, those environmental issues seen as priorities now 
may be overshadowed by more pressing environmental concerns in the future. 
For example, the recovery of certain materials at the end of a building’s life 
may not currently be considered a high priority due to an abundance of raw 
materials or other environmental issues associated with the recovery process. 
As these materials become scarcer and their value greater, their imminent 
depletion may become a more important issue.

4.2  .2 A streamlined life cycle assessment approach

A streamlined approach to LCA involves limiting the scope of the study in any 
number of ways. This may involve an analysis of a limited range of life cycle 
stages (such as the construction or operational impacts), environmental 
parameters (such as energy or water), impact categories (such as global 
warming or resource depletion) or processes (such as transportation or 
manufacturing of specifi c materials or components). The decision to take a 
streamlined approach may be informed by a number of different factors: the 
reasons for undertaking the study, which may be informed by regulatory, 
marketing or other internal or external demands; a previous full LCA may 
have identifi ed particular areas where signifi cant issues exist, and future 
improvement efforts can then be targeted; or the goals or intended application 
of the fi ndings relate to a particular environmental parameter, life cycle stage 
or impact category or the importance of particular environmental issues. 
Whilst limiting the scope in this way may be well warranted and acceptable, it 
is important that the fundamental advantage of LCA and its ability to assist in 
avoiding sub-optimization is not compromised – for example, by addressing 
one issue that then leads to another problem elsewhere in the life cycle – as 
this may lead to serious fl aws in the results obtained. A streamlined approach 
can also be useful to provide an initial indication of where some of the most 
signifi cant issues lie. For example, does the energy consumed during the 
operation of a building represent a greater or lesser issue than that consumed 
during the construction phase? Similarly, a streamlined approach may be used 
to determine whether water or energy consumption is of greater importance 
during the operational stage of a building’s life cycle.
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4.3 Goal and scope defi nition
As for any LCA, it is important that the goals and scope of a built environment-
focused LCA study are defi ned in relation to the intended use of the results. 
This will help to ensure the applicability and usefulness of the study fi ndings 
and will prevent unnecessary time and costs being spent on data collection 
and analysis that are outside of the project’s intended purpose.

4.3.1 Goals

The goals of an LCA in the built environment can be guided by the need for 
environmental improvement of individual products or processes, to ensure 
compliance with standards or regulatory requirements or to provide 
information for product marketing claims. They also need to relate to the 
specifi c application of the fi ndings and the intended audience.

Due to the complex nature of many of the elements within the built 
environment, specifi c goals can be many and varied, from providing 
information for building material or product manufacturers to substantiate 
marketing claims, particularly on the basis of environmental performance; to 
improving the performance of internal manufacturing processes to reduce 
environmental impacts and comply with internal environmental policies; to 
providing information to building designers for specifying building 
components; or to providing information to inform and direct the development 
of government policy.

The remainder of this chapter uses a residential building case study to 
demonstrate some of the steps involved in applying LCA within the built 
environment. In order to simplify this, a streamlined approach has been used, 
as defi ned in the following goal and scope defi nition phase. The details of the 
case study are shown in Figure 4.3.

  
Floor area: 307.7 m2

(270.8 m2 residence and 36.9 m2 garage)

Location: Melbourne, Australia
(Lat. 37˚ 49 ́S Long. 144˚ 58 ́E)

Materials: Insulated timber -framed brick veneer walls, 
concrete-tiled roof, carpet and ceramic tile 
floor coverings, painted plasterboard 
internal linings

Source: Metricon 2010 (plan).

Figure 4.3 Floor plan, front elevation and details of residential building case study
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RESIDENTIAL BUILDING CASE STUDY – GOAL DEFINITION

The purpose of the study is to identify the global warming impacts from the 
construction and operation stages of a residential house located in Melbourne, 
Australia, in order to identify and prioritize strategies for environmental 
improvement across these two stages.

4.3.2 Scope

A full building LCA will include an assessment of a broad range of impacts 
resulting from all resource requirements or inputs (raw materials, energy, 
water etc.) and all outputs (waste, pollutants and emissions) from every stage 
of a building’s life (raw material extraction all the way through to fi nal 
disposal). As noted previously, such an assessment for complex products such 
as buildings would be extremely time, resource and cost-intensive. A 
streamlined approach, focusing on those issues or life cycle stages known to 
be signifi cant or of most importance, is often ideal in this situation. The scope 
of such a study can be defi ned in a number of different ways, limited by either 
the range of environmental parameters, impact categories or life cycle stages 
considered, as Table 4.1 shows.

Table 4.1 Possible scope limiting factors in a life cycle assessment

Scope limited to: Example

Environmental parameter Energy or water consumption

Impact category Global warming or resource depletion

Life cycle stage Construction phase

More often than not, an LCA is limited in scope in one way or another, either 
intentionally or without knowledge. It is when the scope has been limited 
without the practitioner’s knowledge, such as by decisions that have been 
made about the source or type of data or assessment approach to be used, 
that it is of greatest concern. In the worst case, this may lead to decisions that 
are based on incomplete or unreliable data and potentially incorrect fi ndings.

 4.3.2.1 Functional unit

The built environment consists of physical products or items that each have 
their own individual purpose. The functional unit chosen can vary across these 
different products dependent on how the product is used and the basis on 
which relevant comparisons are best made. For example, buildings are often 
best assessed on a per square metre basis which makes it easier for comparison 
to other buildings. Items of infrastructure are often best assessed based on 
their performance characteristics, such as for roads on a per kilometre basis 
over a specifi ed number of years.
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4.3.2.2 System boundary

The system boundary is defi ned by either the goals of the study, the ability to 
obtain the necessary data or the perceived signifi cance of individual processes, 
impacts or life cycle stages. The boundary may cover just one process (such as 
transportation of materials from factory to site), one life cycle stage (such as 
the operation of buildings) or one impact (such as global warming), or any 
number of each of these and in any combination. For example, a study that 
aims to provide information that will help to reduce the energy-related 
impacts from building construction may limit the assessed system boundary to 
energy use from only those life cycle stages upstream of and including the 
main construction process.

RESIDENTIAL BUILDING CASE STUDY – SCOPE DEFINITION

The study will quantify the energy inputs associated with the construction 
(including all supporting inputs) and operation of the house over a 50-year 
period (in gigajoules). Energy will be converted to primary energy terms where 
direct energy consumption fi gures are collected to account for the impacts 
associated with its production. Energy fi gures will then be converted to carbon 
dioxide equivalents (CO2-e).

Functional unit: The product to be analyzed is a 307.7 m2 single-storey detached 
house (as detailed in Figure 4.3) located in Melbourne, Australia.

System boundary: Only the construction and operation stages will be assessed, 
excluding energy required for maintenance, refurbishment, demolition, reuse 
and recycling.2 All energy requirements associated with the actual construction 
process and all supporting processes and services upstream of this will be included, 
such as, but not limited to, transportation and manufacturing of materials and 
the provision of capital equipment (the initial embodied energy of the house). All 
of the energy required for operating the house (for heating, cooling, lighting, 
appliances, hot water, cooking, refrigeration etc.) will also be included. The 
energy embodied in furniture and non-fi xed appliances (such as washing 
machines and refrigerators) will not be assessed. Figure 4.4 indicates the system 
boundary chosen for the study.

Figure 4.4 System boundary selection for residential building case study

Impact category:  Global warming
Category indicator:  Global warming potential (CO2-e)
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4.4 Life cycle inventory analysis

Based on the goals and scope of the study, the inventory analysis phase will 
involve collecting data necessary to inform the study’s intended purpose. This 
data is then validated and converted to the appropriate unit or format to 
match the functional unit being assessed.

4.4.1 Quantifying inputs and outputs

Inputs may include consumption of energy, water, raw materials (e.g. iron ore 
for steel production or limestone for cement production) or products and will 
vary depending on the product or processes being assessed. The outputs that 
may be quantifi ed include volumes of emissions to the air and discharges to 
soil and water, as well as the quantity of waste produced. Data should be 
collected in the most appropriate units for the input or output being measured. 
The units of each type of data will vary from units of energy or water consumed 
(e.g. gigajoules (one GJ = 109 joules) and kilolitres (kL)) to a volume or mass of 
raw materials, waste or emissions (e.g. cubic metres or tonnes).

Data will usually be collected from production sites or other sources. For 
buildings and other items of infrastructure common to the built environment, 
this will predominately be from materials and product manufacturers such as 
metal producers, concrete plants and glass manufacturers. Collecting data 
from specifi c manufacturers or processes should be the highest priority as this 
data typically represents the most reliable data available for specifi c products. 
This data, commonly referred to as process data, relates directly to an analysis 
of individual and specifi c processes. Collecting this data, however, is a very 
time-consuming task as much of the data will sit across extended supply 
chains. Diffi culties can also arise when trying to obtain environmental data 
from individual organizations as this information is often considered to be 
commercially sensitive.

Data should be collected for each process that is part of the system boundary 
and may be either measured, calculated or estimated depending on availability. 
Environmental Performance Data Sheets (EPDS) are often used to facilitate the 
data collection process and ensure that data is collected in a consistent manner 
across potentially hundreds of processes (see Centre for Design (2001) for an 
example of an EPDS). This data then forms the basis of a product’s environmental 
declaration or environmental profi le (International Standard 14025 2006). 
Whilst a consistent format for presenting this data is useful, especially for 
avoiding double-counting issues and for comparing similar processes between 
different manufacturers for example, the most time-consuming and diffi cult 
task is sourcing the data required. Whilst data on some inputs and outputs 
may be routinely collected or available as part of normal business practices 
(energy and water consumption or greenhouse gas emissions, for example), 
identifying each and every supplier upstream in the supply chain and collecting 
the data associated with their processes, and then the processes used by their 
suppliers and so on, can be extremely diffi cult, if not impossible.
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The reliability and thus usefulness of the LCA results will depend on the 
quality of the data collected. The two most important indicators of data 
quality are its reliability and completeness. The reliability of the data indicates 
how well the data refl ects the actual processes being analyzed. A measure of 
the data completeness indicates how well the data covers all of the processes 
within the system boundary. If signifi cant gaps exist then further data may 
need to be collected. Using a complete system boundary avoids the possibility 
of leaving out any potentially signifi cant inputs. As highlighted in Chapter 3, 
traditional LCI methods are often fraught with problems that restrict the 
ability to achieve either reliability or completeness.

RESIDENTIAL BUILDING CASE STUDY –
DATA REQUIREMENTS

Embodied energy: Energy requirements for constructing the house will be based 
on the energy required to manufacture the individual construction materials. A 
bill of quantities for the house will be compiled (based on the architectural plans) 
itemizing each material used in its construction. Process data will be sourced from 
the SimaPro Australian database for materials, giving quantities of energy 
required per unit of common building materials. Input-output data will be used 
to fi ll the upstream data gaps for these materials. Any further data gaps will be 
identifi ed (for those inputs not covered by the process data) and fi lled using 
input-output data in accordance with an input-output-based hybrid LCI approach 
(see Section 4.4.2).

Operational energy: The energy required during the operation of the house will 
be determined from existing energy bills (gas and electricity). Bills for an average 
year will be used and extrapolated to determine the total operational energy 
requirements over 50 years.

4.4.2   Compiling a life cycle inventory using input-output-based 
hybrid analysis

Based upon the goals and scope of the study and the data types known to be 
needed and available, as well as the potential source of this data, information 
on the inputs and outputs of the product system can be quantifi ed.

As discussed in Chapter 3, an input-output-based hybrid approach provides 
the most comprehensive system boundary possible for calculating the inputs 
and outputs for a product system, avoiding or limiting many of the problems 
associated with other LCI methods, such as system boundary incompleteness. 
This approach is well suited to assessing the environmental impacts occurring 
within and from the built environment as it can easily deal with its complex 
nature and the fact that many of the most signifi cant impacts occur a number 
of stages upstream of the main construction process.

4.4.2.1 Input-output analysis

A disaggregated input-output model (showing the magnitude of inputs and 
outputs for each individual process associated with any product or service 
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within any economic sector) can be an extremely useful tool for providing an 
initial indication of the signifi cance of individual fl ows within the supply chain 
of a particular product or process (for example, building construction). For 
example, these models can be used to identify which processes demand the 
greatest quantity of inputs (such as energy or water) or produce the greatest 
quantity of outputs (such as waste or emissions). An energy-based input-
output model developed by Prof. Manfred Lenzen at the University of Sydney 
(Lenzen and Lundie 2002) shows that the greatest quantity of energy 
consumed for a single process associated with the construction of a residential 
building is for the manufacture of ceramic products (including clay bricks, 
ceramic tiles and other ceramic items within a house). Figure 4.5 shows the ten 
highest energy-consuming processes (or pathways) for the Australian 
Residential building sector, representing 23 per cent of the total energy 
requirement of the sector (a list of the top 100 energy pathways, representing 
37 per cent of the total energy requirement of the Australian Residential 
building sector, is given in Table A.1, Appendix A). Each one of these processes 
represents a specifi c product or service required during (or embodied in) the 
building life cycle stages upstream from and including the main construction 
process. The production of clay bricks alone requires energy to fuel the 
machinery used to extract the raw materials from the ground (such as clay), to 
fuel the trucks that transport these raw materials to the manufacturer, to 
power the kilns and other equipment used to produce the bricks and to fuel 
the trucks to transport the fi nished product to site.

In Figure 4.5, second-order processes, represented as Sector A into Sector B, 
indicate a Stage Two energy requirement (two stages upstream of the 
construction process). These include, for example, the energy required in 
producing steel that is used by the Household appliances sector to produce a 
washing machine (Iron & steel into Household appliances).
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Figure 4.5  Top 10 energy pathways from the Australian Residential building sector, 
based on 1996-97 input-output tables
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This initial step can be extremely benefi cial in targeting further (process) data 
collection efforts for processes that are considered to be signifi cant and in 
avoiding excessive time and money being spent on collecting data for processes 
that may be insignifi cant. The ranking of important pathways for the Residential 
building sector in Figure 4.5 indicates that efforts would be best spent on 
ensuring that data for ceramic products, concrete and steel production covers 
these processes in as reliable and comprehensive a manner as possible. This 
approach also provides valuable information that may be used to refi ne the 
scope of the LCA study, informing particularly the processes to be covered and 
the types and quality of the data required to cover these processes.

Input-output analysis can also be used to provide an initial indication of the 
magnitude of the total requirement for energy or other inputs for any product 
or service within an economy based on the total energy requirement of the 
sector (the total quantity of energy required to produce an average product 
from the sector in units of input (e.g. gigajoules of energy) per dollar of sector 
output). For the Australian Residential building sector, this equates to 10.633 
GJ per $1,000 of building cost, meaning that it takes 10.633 GJ of energy to 
produce $1,000 worth of building construction.

4.4.2.2 Process data collection

Much of the process data relevant to the built environment that is typically 
collected relates to the manufacture and transportation of major building 
materials (such as concrete, steel, plastics and glass). The system boundary 
covered is generally limited to the main processes (e.g. manufacturing and 
transport) and a limited number of inputs upstream of this (such as fuel 
required for the machinery used to extract raw materials, raw material 
processing and intermediate transport requirements).

Whilst much of this data is collected on a project by project basis and not 
usually available to the general LCA community, some process data can be 
found in the numerous commercial software tools and compiled databases 
available around the world. This data is often aggregated to varying levels of 
detail, sometimes combining the data from a number of different 
manufacturers of a similar product within a country. The applicability of such 
data for assessing the inputs and outputs of a product produced by a specifi c 
manufacturer is thus limited, although signifi cant time and cost savings can be 
made where the national average data is suffi ciently representative of the 
processes being assessed and it may not be necessary to collect this data again. 
One solution to this may be to replace only that data for particular processes 
or inputs where the product is considered to perform better or worse than 
that of the average covered by the common process data. This type of data 
can be particularly useful where there are only minor variations in 
manufacturing processes and technologies across the producers or suppliers of 
particular products within a country. Caution should also be exercised when 
using data from a particular manufacturer as this data is typically relevant to 
only specifi c manufacturing processes, technologies or situations. The use of 
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such data limits the applicability of the fi ndings outside of these circumstances 
as signifi cant variations can occur between different manufacturers.

4.4.2.3 Integrating process and input-output data

The individual processes included in a process analysis typically include only a 
small proportion of the total number of those associated with any product 
system. Whilst individually the majority of the remaining processes represent 
only a small proportion of the total inputs or outputs of a product system, 
their sum can represent up to 87 per cent of the inputs or outputs associated 
with any product system (Crawford 2008). This means that a process analysis 
alone may exclude up to 87 per cent of the energy or other resource 
requirements or emissions associated with a product. Depending on the 
profi le of the supply chain this percentage can vary signifi cantly. For products 
that involve very resource-intensive lower order processes (such as the 
production of aluminium, steel, cement and glass), it may be possible to cover 
a much greater proportion of their total resource requirements, as process 
data for direct (Stage Zero) or Stage One inputs is generally more readily 
available than data further upstream in the supply chain. In some countries 
where process data is available in much greater quantities and detail, it could 
theoretically cover more than half of the inputs or outputs to the product 
system.

The complexity of the supply chain becomes more apparent the further 
upstream of the main process one goes. It is often very diffi cult and 
time-consuming, if not impossible, to collect process data for most of the 
upstream processes beyond Stage One (one transaction upstream of the main 
process). However, the potential signifi cance of the inputs and outputs for 
these processes, particularly for the three sectors covering buildings in the
Australian input-output tables (Residential building, Other construction and 
Prefabricated buildings), is evidenced in Figure 4.6, showing the proportion of 
each sector’s total energy requirement at each stage upstream of building 
construction. The sum of energy inputs upstream from and including Stage 
Three represents at least 44 per cent of the total energy requirement of each 
of these three sectors.

Even many of the processes that directly support the main construction 
process (those at Stage One) are often omitted from a process analysis. There 
are a number of reasons why these processes are typically not covered, 
including a lack of awareness of their existence and the diffi culties (practical, 
fi nancial and time-related) associated with collecting data for these processes. 
A number of the Stage One processes that have the most signifi cant energy 
inputs for the Australian Residential building sector, typically excluded in even 
the most comprehensive process analyses, are shown in Table 4.2. These 
processes cover those goods and services purchased directly by the construction 
company in most cases.

To ensure that the system boundary covers as many of the relevant inputs 
and outputs as possible and any truncation at any point in the supply chain is 
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avoided, it is important that the input-output model forms the basis of the 
data collection efforts. Process data can then be integrated into this model 
where it is available and the input-output data can be used as the best 
representation of the remaining inputs and outputs for the product system.
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requirement for the Australian construction-related industry sectors

 Table 4.2  Most signifi cant energy inputs of the Australian Residential building sector 
not typically included in a process-based life cycle assessment

Input sector
TER

(GJ per A$1000)
Proportion of 
sector TER (%)

Residential building (repair and maintenance) 1.1090 10.43

Other property services 0.3548 3.34

Wholesale trade 0.3509 3.30

Direct (construction process) 0.3490 3.28

Other machinery and equipment 0.0832 0.78

Agricultural, mining and construction machinery 0.0725 0.68

Accommodation, cafes and restaurants 0.0647 0.61

Legal, accounting and marketing services 0.0611 0.57

Other business services 0.0481 0.45

Mechanical repairs 0.0471 0.44

Total for top 10 inputs 2.5404 23.88

TER = Total energy requirement.



 

Quantifying built environment impacts 87

REPLACING INDIVIDUAL PATHWAYS WITH PROCESS DATA

The key to integrating process data into an input-output model is to be able 
to identify which of the processes from the input-output model the collected 
process data represents. Process data will typically represent inputs or outputs 
for a process at the fi rst or second stage upstream of the main process (such as 
construction), but may, depending on the availability and detail of data, 
include inputs further upstream in the supply chain.

Let us assume that the following process data was available for the 
construction of a concrete slab used in a residential building:

• Energy use for the concrete production process
• Energy use for the cement production process (excluding clinker and 

gypsum processing)
• Energy use for the production of gravel.

An understanding of the product being assessed and the economic sector into 
which the product is classifi ed is crucial to identifying the input-output model 
pathways to be replaced with process data. This level of detail is usually 
provided with published input-output tables as the Input-Output Product 
Classifi cation (IOPC), which details the individual commodities (goods and 
services) and the sector into which they are categorized (ABS 2001b).

A disaggregated energy-based input-output model used to identify the 
fl ow of discrete energy pathways between all economic sectors (and thus the 
aggregated goods and services purchased and sold to produce or supply any 
other goods or services) provides an indication of the magnitude of all of the 
upstream energy inputs required to provide concrete for residential building 
construction. This shows that for a threshold of 0.0001, there exists 545 
individual energy inputs associated with the production of the concrete 
components of a residential building (such as a fl oor slab). The top 10 of these, 
by the direct energy requirement of the individual processes, are shown in 
Table 4.3. For example, item two (Road transport) represents the energy 
required for transportation of concrete from production plant to building site, 
whilst item seven (Road transport  Other mining) includes the energy 
required for transportation of gravel from the quarry to the concrete 
production plant.

From this breakdown, the pathways represented by collected process data 
can be deduced. The cement and gravel production processes occur one stage 
upstream of the concrete production process (as they are direct raw materials 
required for concrete production), so these pathways are represented as in 
Figure 4.7.

Cement and (ready-mix) concrete are both included within the Cement, 
lime and concrete slurry sector of the economy, whilst gravel is classifi ed as 
part of the Other mining sector.3 Therefore, the sectors representing the 
production of each of these materials required by the Residential building 
sector to produce a concrete slab are as follows (as per Table 4.3): for concrete,
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 Table 4.3  Top 10 energy inputs to concrete production for the Australian Residential 
building sector

Input sector DER
(GJ per A$1000)

1 Concrete production process 0.4018

2 Road transport 0.0922

3 Cement, lime & concrete slurry 0.0436

4 Other mining 0.0194

5 Road transport  Road transport 0.0103

6 Road transport  Cement, lime & concrete slurry 0.0100

7 Road transport  Other mining 0.0049

8 Cement, lime & concrete slurry  Cement, lime & concrete 
slurry

0.0047

9 Rail, pipeline & other transport 0.0046

10 Other non-metallic mineral products 0.0027

Total for top 10 inputs (60% of TER of concrete production) 0.5942

DER = direct energy requirement.
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Residential 
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Structural 
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(eg. advertising)
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Stage 1 Stage 2Stage 0 Stage ∞

Further upstream inputs
(eg. limestone)
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Figure 4.7  Residential building system boundary indicating inputs to concrete 
production

the concrete production process itself (input one); for cement, Cement, lime 
and concrete slurry (input three); and for gravel, Other mining (input four).

As the energy requirements from the energy-based input-output model are 
generally given as a quantity of energy input per dollar of product output, 
these values must be converted to an energy requirement associated with the 
concrete slab, based on its cost. This is simply done by multiplying these values 
by the price of the product. So, for a residential building with a construction 
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cost of A$160,000, Equation 4.1 would be used to determine the total energy 
requirement (TER) associated with its construction:

TER = $160,000 x 10.633 GJ per A$1,000 4 Equation 4.1
 = 1,701 GJ

The energy requirements of the individual items that support the building’s 
construction can be calculated in the same manner. Table 4.4 shows the input-
output-based energy requirement for the concrete, cement and gravel 
production processes for a A$160,000 residential building, based on the input-
output model.

Process-based energy requirement values for a particular building are 
determined based on the quantity of specifi c materials contained in that 
building and the quantity of energy required to manufacture a unit of those 
materials (e.g. a cubic metre of concrete), which is also known as the material’s 
energy coeffi cient. Assuming that the only concrete used for the A$160,000 
residential building is in the fl oor slab and that the fl oor area of this building 
is 250 m2, this would equate to approximately 70 m3 of concrete. Process-based 
energy coeffi cients for these three processes associated with concrete 
production are given in Table 4.5 in units of gigajoules (GJ) of energy per cubic 
metre of concrete (based on Grant 2002). These coeffi cients are multiplied by 
the quantity of concrete required (in this case, 70 m3) to determine the total 
process-based energy requirement for each of these three processes (as shown 
in Table 4.4).

 Table 4.4  Process and input-output direct energy requirement (DER) values of selected 
concrete production processes for A$160,000 residential building

Process Process DER (GJ)* I-O pathway DER
(GJ/A$1000)

I-O DER (GJ)

Concrete production 25.2 0.4018 64.28

Cement production 44.1 0.0436 6.98

Gravel production 3.5 0.0194 3.10

Total 72.8 74.36

*Calculated based on process-based energy coeffi cients from Table 4.5.

 Table 4.5  Process-based energy coeffi cients for the direct energy requirement of 
selected concrete production processes

Process Process DER (GJ/m3 concrete)

Concrete production 0.36

Cement production 0.63

Gravel production 0.05

Source: Based on Grant 2002.
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The input-output value (I-O DER) for each of these processes is then 
deducted from the total energy requirement of the Residential building sector 
(10.633 GJ per A$1,000) and replaced with the process data values (Process 
DER) for these processes. The result of this process is a complete system 
boundary covering all inputs of energy associated with the construction of the 
building, with more reliable process data used to replace the equivalent input-
output data where it is available (in this case only for the concrete, cement 
and gravel production processes).

Further pathways in the input-output model may also be replaced with 
process data where it is available. For example, if the energy required to 
manufacture the steel used for the reinforcement of the concrete slab was 
also available, then the direct energy requirement for the Iron and steel  
Structural metal products pathway (at Stage Two in Figure 4.7) would be 
replaced with the available process data. However, the direct energy 
requirement of the Structural metal products pathway itself (at Stage One in 
Figure 4.7) would only be replaced where the energy required for the actual 
reinforcement manufacturing process was available (turning raw steel into 
reinforcing mesh). These further processing stages can often be excluded in a 
process analysis and result in downstream truncation of the system boundary 
(as discussed in Chapter 3).

It is evident from the fi gures in Table 4.4 that the input-output values for 
particular processes do not always provide an accurate representation of 
process-specifi c data. This is due to the number of limitations associated with 
input-output data, as outlined in Chapter 3. However, as is sometimes the 
case, the total combined process and input-output values of the energy inputs 
to the concrete production processes are slightly more closely aligned. This 
refl ects the fi nding by Crawford (2005; 2008) that input-output values are less 
likely to be an accurate representation of the equivalent process value at the 
individual pathway or process level than at a whole material or building level.

One reason why the input-output value for concrete production for the 
residential building may be signifi cantly higher than the process value given 
in Table 4.4 is that the input-output value for the concrete production (i.e. 
Cement, lime and concrete slurry into the Residential building sector) includes 
all instances of cement, lime, ready-mixed concrete and mortar purchased 
directly by the Residential building sector. As the process and input-output 
total energy coeffi cients for concrete production are fairly similar (3.45 and 
3.05 GJ per m3 respectively), this fi gure implies that the national average 
quantity of these products used within a residential building is higher than 
that used within the fl oor slab for this house. When assessing a whole building, 
for material inputs where process data is available, a substitution of a lower 
process value for a higher input-output value may lead to an underestimation 
of the environmental impacts associated with all instances of that material 
within the building. In reality, unless the practitioner can be certain that all 
instances of the requirements for that material have been quantifi ed, only the 
proportion of the input-output value representing the quantifi ed materials 
should be deducted from the input-output model. The other proportion 
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should remain to cover those instances of the material not covered by process 
data. For example, here the requirement for ready-mixed concrete for the 
fl oor slab has been quantifi ed, but other inputs from the Cement, lime and 
concrete slurry sector purchased directly by the Residential building sector, 
such as the cement used to make mortar and ready-mixed concrete used for 
other elements (such as for driveways, paths and other structural elements), 
have not. The diffi culty lies in allocating input-output data to specifi c inputs 
due to the aggregation of different products within the same economic sector.

4.4.2.4 Using material coeffi cients

The use of material coeffi cients can help to simplify the data collection process 
and reduce the time and costs associated with collecting data. Process and 
input-output data can be integrated at the material level to provide hybrid 
material coeffi cients that cover the direct inputs and outputs of the 
manufacturing process and all of the inputs and outputs upstream of the 
material’s manufacturing stage. For example, for concrete in Figure 4.7, this 
could cover the direct energy inputs associated with the concrete manufacturing 
process, all energy inputs for the processes required to produce other goods 
and services that provide a direct input into the concrete manufacturing 
process (such as cement and aggregate production), as well as all energy 
inputs for the processes required to produce these goods and services (such as 
mining of raw materials and transport at all stages) and so on, infi nitely 
upstream in the supply chain. Similarly, material coeffi cients can be compiled 
for any other input or output to a product system (including water, greenhouse 
gases, pollutants and raw materials).

These coeffi cients are compiled using the same approach as used for the 
input-output-based hybrid assessment of the residential building in the 
previous section. For the relevant sector covering each material (e.g. the Iron 
and steel sector for steel and the Sawmill products sector for timber), available 
process data for specifi c production processes is substituted into the input-
output model for the input-output pathways that they represent. Again, the 
price of the material is used to convert input-output values (in GJ of energy 
per A$1,000 of material, for example) to a total (energy) requirement per unit 
of material so that a direct substitution can be made. Equation 4.2 shows how 
an energy coeffi cient would be compiled using process and input-output data.
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Where ECm = hybrid energy coeffi cient of the basic material; PERm = material 
process energy requirement per unit of material; TERn = total energy 
requirement of the input-output sector n, representing the material, in GJ per 
A$1,000; DERi = direct energy requirement of the input-output pathways 
representing the material production processes for which process data is 
available, in GJ per A$1,000; $m = total price of the basic material.
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 Table 4.6 Hybrid energy coeffi cients for selected building materials

Material Unit Energy coeffi cient
(GJ per unit)

Process data 
proportion (%)

25 MPa concrete m3 5.01 68.8

Aluminium t 252.6 83.1

Clay bricks m2 0.56 71.4

Clear fl oat glass (4 mm) m2 1.73 34.2

Fibre cement sheet (6 mm) m2 0.288 28.3

Fibreglass insulation (100 mm) m2 0.217 44.6

Hardwood m3 21.33 78.7

Plasterboard (10 mm) m2 0.207 16.8

Softwood m3 10.93 60.0

Steel t 85.46 31.9

Steel decking m2 0.796 13.4

Toughened glass (6 mm) m2 3.66 24.3

Water-based paint m2 0.096 14.9

Wool carpet m2 0.741 29.3

Note: Energy coeffi cients were produced by Treloar and Crawford (2010) using an energy-based 
input-output model developed by Prof. Manfred Lenzen at the University of Sydney and Australian 
process data compiled by Grant (2002).

A pre-compiled database of material coeffi cients can then be used to assess 
the inputs from and outputs to nature for any building or infrastructure 
system. This can be extremely useful where a number of buildings or design 
variations that contain essentially the same materials but different quantities 
are being assessed. A list of hybrid energy coeffi cients for some main building 
materials is shown in Table 4.6, based on Australian process and input-output 
data for the late 1990s. A more detailed list is given in Table A.2, Appendix A. 
The proportion of these fi gures made up of process data gives an indication of 
their likely reliability.

Energy coeffi cients for materials are also available from a number of other 
sources. These include the Inventory of Carbon and Energy compiled by the 
University of Bath (University of Bath 2008) and the Embodied Energy and CO2 

Coeffi cients for New Zealand Building Materials report compiled by the 
Victoria University of Wellington (Alcorn 2003).

4.4.2.5 Avoiding sideways truncation of the system boundary

When using material coeffi cients to assess the inputs or outputs associated 
with the production of a building (or any other product), one remaining 
system boundary truncation problem still exists. Even if all materials at Stage 
One of the supply chain have been identifi ed, other inputs exist at this stage 
(considered to be sideways of those other quantifi ed Stage One inputs) that 
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are not as easily quantifi ed, such as those associated with the service sectors 
(fi nancial, communications, advertising etc.) as shown in Figure 4.7 as further 
sideways inputs. By deducting the complete pathways from the input-output 
model of the Residential building sector that represent all of the quantifi ed 
materials (for example, the complete supply chain for concrete from Figure 
4.7, as this has been quantifi ed using the concrete material coeffi cient), the 
remainder covering all otherwise unquantifi ed processes can be deduced. This 
remainder can then be added to the fi gure calculated using the material 
coeffi cients to determine the total value of all inputs within the product 
system.

Equati  on 4.3 represents the calculation of the total energy required to 
construct a building (its embodied energy (EE)), including all of the energy 
associated with the processes upstream of the main construction process.
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Where EEb = total embodied energy of a building; ECm = hybrid energy 
coeffi cient of material, m; Qm = quantity of material, m; TERn = total energy 
requirement of the building construction-related input-output sector, n, in GJ 
per A$1,000; TERm = total energy requirement of the input-output pathways 
representing the material production processes for which process data is 
available, in GJ per $1,000; $b = total cost of the building.

RESIDENTIAL BUILDING CASE STUDY – QUANTIFICATION OF 
ENERGY REQUIREMENTS

Embodied energy: Using input-output analysis, an initial indication of the total 
embodied energy of the house was calculated by multiplying the cost of the 
house (based on a rate of A$650 per square metre of building area) by the total 
energy requirement of the Australian Residential building sector.

$200,005 x 10.633 GJ per A$1,000 = 2,127 GJ (6.9 GJ per m2)

Material quantities were then collected for individual building materials based 
on the bill of quantities for the house. These quantities were multiplied by their 
respective energy coeffi cient to determine the initial embodied energy of the 
house. A breakdown of the main materials used and calculation of their embodied 
energy is provided in Table A.3, Appendix A.

To fi ll the remaining data gaps for the minor and non-material-based processes, 
input-output data was used. The disaggregated input-output model of the 
Australian Residential building sector was used to identify the pathways covered 
by the material energy coeffi cients (Table A.4, Appendix A). The total energy 
requirements of these pathways (TERm) were then subtracted from the total 
energy requirement of the Residential building sector (TERn) to give the 
remainder to be added to the initial embodied energy fi gure (Equation 4.4). The 
calculation of the embodied energy of the house is shown in Table 4.7.
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Table 4.7  Calculation of total embodied energy of residential building case 
study

Sum of initial embodied energy (GJ) (Table A.3)a 3,082 

TER of Residential building sector (GJ/A$1,000)b 10.633

TER of I-O pathways covering initial embodied energy (GJ/
A$1,000) (Table A.4)c

6.074

Remainder (GJ/A$1,000)(b−c) 4.558d

House cost ($)e 200,005

Total embodied energy of the house (GJ)(a+(d x e/1000)) 3,994

Note: Symbols a-e relate also to Equation 4.4.

This total embodied energy fi gure equates to 12.98 GJ per square metre of fl oor 
area. This fi gure is in line with other similar studies based on a hybrid LCI approach 
(for example, Fay et al. 2000).

Operational energy: Based on the gas and electricity bills collected for the house 
for an average year, the following (delivered) energy requirements were 
determined (Table 4.8). Primary energy values were then calculated based on 
primary energy factors for the fuels used (3.4 for electricity and 1.4 for natural 
gas for Victoria, Australia (Treloar 1998)).

Table 4.8  Delivered and primary operational energy consumption of residential 
building case study (GJ)

Annual 50 years

Total delivered natural gas consumption 35.26 1,763

 primary consumptiona 49.36 2,468

Total delivered electricity consumption 11.56 578

 primary consumptionb 39.29 1,964

Total primary energy consumption(a+b) 88.65 4,432

4.4.3 Comparison of life cycle inventory approaches

Unless an input-output analysis is performed as part of the LCI phase, the 
practitioner often has no indication of the signifi cance of those processes for 
which process data has not been collected. This can have serious repercussions 
for the reliability and completeness of the study results, any conclusions based 
on them and any actions taken in response to these conclusions.

As a way of comparing the various LCI approaches, Figure 4.8 provides an 
indication of the signifi cance of the gaps inherent in each method. Based on 
the results of the residential building case study embodied energy assessment 
presented in this chapter, the graph shows that the input-output-based hybrid 
LCI approach clearly provides a higher embodied energy fi gure than any of 
the other LCI approaches commonly in use (26 to 278 per cent higher).



 

Quantifying built environment impacts 95

2,127

1,057

3,152

3,994

0

1,000

2,000

3,000

4,000

5,000

Input-output
analysis

Process analysis Process-based
hybrid analysis

Input-output-
based hybrid

analysis

T
ot

al
 e

m
bo

di
ed

 e
ne

rg
y 

(G
J)

   

Figure 4.8  Comparison of residential building case study embodied energy based on 
different life cycle inventory methods

An input-output analysis provides a more comprehensive coverage of 
embodied energy requirements than a process analysis despite its limitations, 
as discussed earlier. This is the reason for the difference in embodied energy 
fi gures between these two approaches in Figure 4.8. The process-based hybrid 
analysis fi gure is based on the process analysis fi gure and includes input-
output data upstream of the individually quantifi ed materials, thus completing 
the system boundary for all processes upstream of these quantifi ed materials. 
However, as discussed previously, this may exclude other minor materials and 
other goods and services required in the construction of a building. The input-
output-based hybrid fi gure includes the energy inputs associated with the 
production or supply of all of these remaining materials, goods and services, 
thus completing the system boundary with further input-output data. In this 
case, these remaining energy inputs represent 21 per cent of the total 
embodied energy of the case study house.

Overall, the component of the input-output-based hybrid embodied energy 
fi gure represented by process data is 26.5 per cent. This means that had only 
process data been used to assess the embodied energy of this house, the 
energy requirements would have been underestimated by over 70 per cent.

4.4.4 Reuse and recycling

The reuse or recycling of construction materials can make a signifi cant 
contribution to minimizing the environmental impacts associated with the 
built environment. Waste materials are created during almost every stage of 
the built environment life cycle, as a result of the manufacturing processes, 
construction, maintenance, refurbishment and eventual demolition. 
Depending very much on its quality and resource value, much of this waste is 
fed back into the supply chain to turn into new materials for use in new 
buildings. Quite often, materials are also recovered from other industries to 



 

96 Quantifying built environment impacts

make new building materials, such as the use of scrap steel from old cars to 
make structural steel members (scrap steel typically makes up at least 20 per 
cent of the raw materials used to make new steel). There is signifi cant scope 
to redirect the millions of tonnes of waste materials that still go to landfi ll 
throughout the world every year into useable products. Decisions made by 
building designers and engineers on the choice of construction materials can 
have a signifi cant impact on reducing this wastage, including specifying 
recycled and recyclable materials, as well as designing for reusability, durability 
and disassembly. This topic was discussed in detail in Chapter 2.

The processes involved in the reuse or recycling of waste materials must be 
understood and assessed as these too can be extremely resource-intensive, 
sometimes not much less so than the production of virgin materials. The reuse 
of existing materials (such as bricks or timber) may involve a limited amount 
of additional resources and the impacts avoided through their reuse can be 
quite signifi cant compared to those associated with producing new materials. 
This may include a reduction in the impacts associated with resource depletion, 
waste going to landfi ll and the energy and water requirements and emissions 
associated with production (International Energy Agency 2004). Any additional 
impacts, such as those associated with transportation to site (if reused away 
from the original site) and making good of materials are often easily offset by 
these benefi ts. As the reuse of construction materials often involves very little 
re-processing of the materials, this process usually occurs between the 
demolition and construction, maintenance or refurbishment stages of the 
built environment life cycle (refer to Figure 4.1).

Recycling of construction materials typically involves some form of additional 
processing to convert old materials into new materials for either a similar use 
or a different use (e.g. turning scrap glass from bottles into glass fi bre used to 
make fi breglass insulation). This may involve changing some of the inherent

Source: Adapted from Treloar et al. 2003.

Figure 4.9  Flow of materials for recycling, reuse and disposal across the building life 
cycle
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properties of the material. Materials for recycling can come from any stage of 
the life cycle and are often fed back into the manufacturing stage for use in 
new materials. However, as Figure 4.9 shows, there are also numerous other 
sources of materials, including open-loop recycling from other industries and 
closed-loop sources within existing manufacturing processes.

Depending on the extent of the manufacturing processes involved, 
signifi cant additional resources may be required to reprocess these waste 
materials. For example, the recycling of glass into new glass requires around 
75 per cent of the energy needed to produce glass from virgin materials (The 
EarthWorks Group 1990). On the other hand, for aluminium production, the 
conversion of alumina to aluminium is the most energy-intensive process 
involved (accounting for about two-thirds of the energy required to produce 
aluminium (EIA 2001)) and so recycling existing aluminium into new aluminium, 
which avoids the requirement for the alumina production and conversion 
processes, can result in an energy saving of up to 95 per cent (The EarthWorks 
Group 1990) compared to producing virgin aluminium from bauxite ore.

4.4.4.1 A credit for recyclability or reuse potential?

There is some belief that if a material can be reused or recycled after its initial 
use, the initial structure in which the material is used should be credited with 
the environmental benefi ts resulting from this potential reusability or 
recyclability. The problem with this view is that no guarantee can be made 
that these materials will be recovered for reuse or recycling at the end of their 
initial use, particularly due to the long life associated with many elements 
within the built environment. So, whilst the specifi cation of materials or 
components of buildings and infrastructure that have the ability to be reused 
or recycled should be a priority to avoid many of the environmental impacts 
associated with their disposal and the use of virgin materials, it is also 
important to consider the implications of this not occurring, possibly due to 
changing priorities, technologies, expectations or additional knowledge 
gleaned over time. For these reasons, material specifi ers should maintain a 
preference for materials that exhibit preferred environmental qualities such 
as reusability or recyclability, but any credit attributable to a reduced 
environmental impact resulting from this reusability or recyclability should be 
given to the structure in which they are reused (International Energy Agency 
2004). For example, the environmental impacts resulting from the initial 
manufacture of steel beams should be attributed to the building or structure 
in which they are initially intended to be used. If these steel beams are reused 
in their existing state in a new building or structure at the end of their initial 
use, then impacts attributable to this new use would be limited to any 
additional resources or processes associated with the steel’s transportation 
and installation in the new building or structure. If, however, the steel beams 
are recovered for recycling into a new product, then the impacts associated 
with the recovery and recycling processes should also be attributed to the new 
building in which the new product is used (Treloar et al. 2001).
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The use of reused materials or materials with recycled content can sometimes 
increase the frequency of material replacement as durability can sometimes 
be lower for these types of materials. The decision to use these materials must 
be balanced against the different environmental priorities of the project, such 
as the avoidance of resource depletion or impacts from the processes associated 
with reuse.

4.4.5 Life cycle inventory studies

Often for buildings, and particularly where the study is limited to one or two 
environmental parameters (such as energy or emissions), the study may go 
straight from the LCI phase to interpretation, skipping the impact assessment. 
The nature of this limited scope of an LCI study (as opposed to an LCA study) 
means that a complex impact assessment may not be necessary in this situation. 
Where the goal of a study is to identify a limited range of resource inputs or 
outputs (for example, to reduce energy or raw material consumption) in order 
to target environmental improvement strategies, the relative quantities of 
these inputs or outputs may be suffi cient to enable decisions to be made. An 
example of where an LCI study may be appropriate is for calculating the 
energy consumption across the various stages of the building’s life cycle in 
order to reduce the life cycle energy requirements of the building. LCI fi ndings 
can be used to identify the particular life cycle stage or building component 
representing the greatest energy requirement so that strategies such as 
optimizing embodied energy or operational energy effi ciency through the 
selection of alternative materials, components or systems can be employed.

For studies where multiple environmental parameters are considered or a 
comparison between the environmental impacts of alternate products is being 
made, an impact assessment is typically essential to relate the fi ndings from 
the LCI stage to impacts on the environment.

4.5 Life cycle impact assessment and interpretation

For the built environment, much of the LCI phase of an LCA is based on 
collecting objective data detailing the inputs and outputs associated with the 
construction or manufacture and operation of buildings, infrastructure 
systems and their associated components. The life cycle impact assessment 
phase (LCIA) involves the translation of these LCI results into numerical 
indicators that can be used to evaluate the environmental impacts attributable 
to the various inputs and outputs quantifi ed.

Most of the steps involved in the LCIA phase are not nearly as specifi c to the 
built environment as those involved in the LCI phase. This phase uses the 
outputs of the LCI, which are typically in units of resources consumed or waste 
and pollutants released. The range of possible outputs is generally consistent 
across any product or service and any major variation would typically be due 
to variations in the characteristics of the inputs and outputs quantifi ed for 
different products (such as the type of energy used and its source).
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4.5.1 Selection of impact categories

Due to the complex nature of the many elements within the built environment, 
the impacts occurring throughout a building’s life cycle cover a broad range of 
potential impact categories. Most of these are attributable to the manufacture 
and eventual disposal of materials, but also relate to the resources consumed 
during operation (such as energy and water). For example, material 
manufacturing processes consume raw materials, which leads to the depletion 
of natural resources; consume energy, which results in the depletion of energy 
reserves and release of greenhouse gas emissions; and produce pollutants and 
waste that lead to contamination of land, air and water, which in turn has an 
effect on human and environmental health. This complexity is one reason why 
building LCAs are often simplifi ed by using a more streamlined LCA approach. 
In a streamlined LCA, the impact assessment will be somewhat less involved 
than for a full LCA. A streamlined LCA that chooses to assess only one 
environmental parameter may involve the consideration of only one or two 
different impact categories. Where multiple environmental parameters are 
being considered, the range of possible impact categories can increase 
signifi cantly.

4.5.2 Classifi cation

Where certain inputs or outputs contribute to more than one of the 
environmental impacts being considered, the practitioner must decide how 
this should be dealt with. Should they be assigned wholly or on a proportional 
basis to each impact category? For example, the materials used to construct a 
building require energy to produce, and this production (when based on fossil 
fuels) results in the release of emissions, such as nitrogen dioxide (NO2). 
Nitrogen dioxide is classifi ed as a greenhouse gas and is thus included within 
the global warming impact category in an LCA. It is also toxic to humans when 
inhaled and so can be classifi ed within a human toxicity impact category. 
Should the environmental loadings associated with these materials (for 
example, the output of nitrogen dioxide) be assigned to both of these impact 
categories equally or should they be apportioned based on some assumption 
of their importance or other characteristic? This type of decision is one of the 
many that must be made by the LCA practitioner that can often be quite 
subjective and lead to considerable variability in the eventual fi ndings.

4.5.3 Characterization

Once the LCI results have been classifi ed into the relevant impact categories, 
they must be converted to the appropriate characterization units for those 
categories. This allows similar impacts resulting from various inputs, outputs 
or life cycle stages of the built environment to be grouped so that an overall 
impact can be ascertained (e.g. global warming potential from energy 
consumption and pollutant releases from the construction, operation and 
demolition of a building).
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For example, where the impact category being assessed is global warming, 
any inputs of energy (possibly in a variety of energy units) will, fi rst, need to 
be converted to quantities of the various greenhouse gases released as a result 
of their production, based on the fuel mix and technologies used. Where the 
various fuels used are known, emissions factors such as those listed in Table 
4.9 can be used to convert energy units to emissions. As is quite often the case 
for complex items such as buildings, the quantity of the various fuels used in 
manufacturing the constituent materials and components is diffi cult to 
establish, particularly for the processes for which process data is not available. 
In this situation, it may be acceptable to use an average emissions factor to 
estimate the total emissions released from the combined fuel types, such as 
the fi gure of 60 kg CO2-e per gigajoule of energy consumed, as used by Treloar 
(2000) for Australia.

The characterization factor is then used to convert the various quantities of 
greenhouse gases (e.g. kilograms of CO2, CH4 and N2O) to a unit of equivalence 
based on the degree to which each input or output contributes to the specifi c 
environmental impact (e.g. global warming). In this case the characterization 
factor is the global warming potential (GWP) of the various gases, typically 
measured in carbon dioxide equivalents (CO2-e). The global warming potential 
for the three main anthropogenic-based greenhouse gases over a 100-year 
timeframe are shown in Table 4.10.

Table 4.9 Emissions factors for combustion of some common fuel types

Fuel Emissions factor (kg per GJ)

CO2 CH4 N2O

Black coal 88.2 0.0014 0.00065

Brown coal 92.7 0.00048 0.0013

Natural gas 51.2 0.0048 0.000097

Wood 0.0 0.0038 0.0039

Gasoline 66.7 0.0095 0.00065

Diesel oil 69.2  0.0048 0.00065

Ethanol 0.0 0.0029 0.00065

Source: Department of Climate Change 2008.

Table 4.10 Global warming potential for common greenhouse gases relative to CO2

Greenhouse gas Global warming potential (CO2-e)

Carbon dioxide (CO2) 1

Methane (CH4) 25

Nitrous oxide (N2O) 298

Source: IPCC 2007b: 212.



 

Quantifying built environment impacts 101

Table 4.11  Example calculation of global warming category indicator results for 100 GJ 
consumption of natural gas

Energy use (GJ) Emissions factor (kg/GJ)* GWP^ Total (kg CO2-e)

100 x 51.2 (CO2) x 1 = 5,120

100 x 0.0048 (CH4) x 25 = 12

100 x 0.000097 (N2O) x 298 = 2.9

Total greenhouse gas emissions 5,134.9

*From Table 4.9, ^From Table 4.10.

The characterized LCI results for each input, output and life cycle stage can 
then be combined within each impact category by summing their values now 
that they are based on the same unit of measurement (as the example in Table 
4.11 shows for the production of 100 GJ of natural gas).

4.5.4 Normalization, grouping and weighting

The characterized LCI results can then be normalized where necessary. For a 
whole building assessment, this is often useful on a per metre squared of fl oor 
area basis to enable a comparison across building design options. The category 
indicator results for each impact category are divided by the total fl oor area 
of the building, which then facilitates the comparison of environmental 
impacts between buildings of varying size or characteristics. The results from 
the LCIA for buildings may be grouped according to the impact categories 
assessed or by life cycle stage. This latter grouping can be benefi cial for 
identifying which life cycle stage of the building is responsible for the greatest 
environmental impacts so that environmental improvement strategies can be 
targeted towards these areas. Weighting factors can then be used to rank the 
importance of the different impact categories. This weighting will often be 
based on the particular circumstances surrounding the signifi cance of different 
issues in the specifi c geographic location where these impacts are likely to 
occur.

4.5.5 Study limitations

It is important that the limitations of the study results are clearly stated. These 
may be related to the availability of data, or lack thereof; the assessment 
methods used; characterization factors used; and judgements made about the 
importance of specifi c impacts. The infl uence of these limitations on the fi nal 
study outcomes can be assessed using a sensitivity analysis.
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RESIDENTIAL BUILDING CASE STUDY – IMPACT ASSESSMENT
As stated in the goal defi nition phase, the purpose of this case study is to quantify 
the global warming impacts from the construction and operation stages of a 
detached single-storey house.

Impact category: Global warming

Category indicator: Global warming potential (CO2-e)

Characterization factors:   Embodied energy – 60 kg CO2-e per GJ,
Operational energy – as per Table  4.9.

The emission of greenhouse gases associated with the production and supply of 
energy embodied in the house and used for its operation were quantifi ed based 
on the quantity of energy consumed, in primary terms.

Embodied energy emissions:
Due to the diffi culties associated with determining the proportion of embodied 
energy supplied by the various fuel types within all of the processes involved in 
manufacturing and supplying the components of the house, an average emissions 
factor of 60 kg CO2-e per GJ of energy has been used (Treloar 2000).

Embodied energy of house: 3,994 GJ (Table 4.7)

Emissions factor: 60 kg CO2-e per GJ

Total embodied emissions: 239.6 t CO2-e

Operational energy emissions:
The primary energy quantities of electricity and gas consumed for the house’s 
operation (Table 4.8) were multiplied by the emissions factors for the three main 
greenhouse gases (Table 4.9) and then by their respective GWP (as per Table 4.10) 
to determine the total GWP of the operational energy requirements over 50 years.

Table 4.12  Calculation of operational energy-related emissions over 50 years for 
residential building case study

Fuel type Quantity 
(GJ)

GHG Emissions factor 
(kg/GJ)

GWP Total GWP
(kg CO2-e)

Electricity 1,964 CO2 92.7 1 182,063

CH4 0.00048 25 23.6

N2O 0.0013 298 760.9

Natural gas 2,468 CO2 51.2 1 126,362

CH4 0.0048 25 296.2

N2O 0.000097 298 71.3

Total 309,577

4.5.6 Interpretation

Once the LCI results have been classifi ed into the appropriate impact 
categories, characterized in the appropriate units and normalized, grouped 
and weighted if necessary, the results can then be evaluated and conclusions
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 Table 4.13  Structuring building life cycle inventory data by life cycle stage, as a 
percentage
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Energy 7.3 34 3.3 44 9.6 1.8 100

Water 6.1 32 1.5 48 11 1.4 100

Waste 1.1 5.1 9.8 0 19 65 100

CO2 8.0 27 2.3 52 9.1 1.6 100

drawn as part of the interpretation phase of the LCA. Results evaluation 
efforts should be targeted towards those inputs, outputs, life cycle stages, 
assumptions and methods that represent the greatest contribution towards 
the study results. Inherently, any uncertainty in these aspects will also have 
the greatest potential for infl uencing the variability of the study fi ndings. The 
data and information obtained from the study should be structured in a way 
that allows easy identifi cation of the signifi cant issues and drawing of 
conclusions. The LCI or LCIA data can be structured in a number of ways: by life 
cycle stages, individual processes, data types or sources or impact categories. 
Table 4.13 shows an example of some LCI data structured by building life cycle 
stage, represented as a percentage of the total inputs and outputs.

From this information the most signifi cant contributors to the overall 
impacts can be identifi ed. For example, in Table 4.13 the building operation 
stage contributes the greatest proportion of the overall energy requirements 
across the building life cycle (44 per cent) and the disposal stage generates the 
greatest proportion of waste over the life cycle (65 per cent). Once the most 
important aspects have been identifi ed, variations to the data used or the 
assumptions made can then be assessed.

4.5.6.1 Evaluation of results

A sensitivity analysis can be used to assess how sensitive the study results are 
to changes in any of the data, methods or assumptions used. The degree of 
confi dence that can be att ributed to these results and any subsequent 
conclusions and recommendations can then be ascertained. Typically, a 
sensitivity analysis will be performed fi rst on the aspects of the study where 
most uncertainty exists or on those aspects that represent the greatest 
contribution to the overall results, showing whether any of the decisions 
made during the study have had a signifi cant infl uence on the fi nal result.

The results of the study are compared to the results that would have been 
obtained had alternative data, methods or assumptions been used. By varying 
the data or assumptions by a set range (e.g. ±20 per cent), any signifi cant 
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Table 4.14 Sensitivity analysis on life cycle inventory data source

Operational energy

Original data source (GJ) 2,800

Alternative data source (GJ) 2,200

Deviation (GJ) 600

Deviation (%) −21.4

Sensitivity (%) 21.4

changes in the results that may be infl uenced by the study uncertainties can 
be identifi ed. Assuming that an alternative source of operational energy data 
was available for the example given in Table 4.13, Table 4.14 shows that the 
sensitivity of the results to the source of data chosen is signifi cant, at up to 
21.4 per cent.

Sensitivity analysis is particularly important in comparative studies, where 
even the slightest variations in data or assumptions used may change the 
results and the subsequent recommendations made based on the preferred 
option.

4.5.6.2 Conclusions, limitations and recommendations

The conclusions of the study will be informed by the results of the LCI, LCIA 
and interpretation phases and should address the goals of the study. The 
limitations of these conclusions should also be discussed, particularly in terms 
of those aspects that may have strongly infl uenced the fi ndings, such as data 
availability, assumptions made or exclusions that were beyond the scope of 
the study. This phase of an LCA is extremely subjective, despite being based on 
predominately objective data. The practitioner’s own interpretation of the 
results will direct any recommendations that are made and these may differ 
from person to person.

Recommendations will be based upon the intended goals of the study and 
use of the study fi ndings and will depend on the type of study undertaken. 
These recommendations will provide the valuable information necessary to 
support the decision-making processes of the various stakeholders involved 
across the life cycle of the built environment. For example, comparative LCAs 
of materials or building components will be useful to architects and building 
designers for specifying environmentally preferable building elements. A 
possible recommendation may be the use of one material over another, due 
to the potential for lower environmental impacts across its life cycle.

LCAs of specifi c materials or products will be useful to material and product 
manufacturers for promoting the environmental credentials of these items 
and informing product improvement. Recommendations may include a list of 
the most signifi cant issues where environmental improvement can be 
achieved, possible strategies for improving the effi ciency of particular 
manufacturing processes and suggestions for possible material or product 
modifi cations.
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Whole building LCAs will be useful for building designers, managers and 
owners to inform building design, operation and upgrade strategies. 
Recommendations may include informing the design process by identifying 
areas where the greatest reductions in environmental impacts can be achieved 
or which design solution may result in the lowest impact; areas to which 
improvement strategies should be targeted; and particular strategies for 
improving environmental performance.

RESIDENTIAL BUILDING CASE STUDY – INTERPRETATION

Identifi cation of signifi cant issues
Table 4.15 indicates that over the 50-year life cycle for the house the two life 
cycle stages considered represent similar proportions of the total energy 
requirements and GWP-related impacts.

Table 4.15  Signifi cance of energy inputs and category results over 50-year life 
cycle for residential building case study

Life cycle stage LCI input (%) Category result (GWP) (%)

Embodied energy 47.4 43.6

Operational energy 52.6 56.4

   – electricity (44.3) (59.1)

   – gas (55.7) (40.9)

Total 100 100

Sensiti vity analysis
The sensitivity of the results to the uncertainties associated with the data used is 
shown in Table 4.16. This shows that the uncertainty associated with the 
embodied energy data used is signifi cant, particularly as a result of the use of 
national average input-output data. Overall, the sensitivity of the results to the 
use of this data is quite considerable (30 per cent). The GWP impacts from 
embodied energy consumption are likely to range from 168 to 311 t CO2-e.

Table 4.16  Sensitivity analysis for data uncertainty on category results for 
residential building case study

Embodied energy Operational energy Total

GWP (t CO2-e) 239.6 309.6 549.2

Deviation (%) ±30 0

GWP range (t CO2-e) 168 – 311 309.6 477.6 – 620.6

Sensitivity (%) 30 0 23

Conclusi ons, limitations and recommendations
The study shows that over a 50-year life for the building and life cycle stages 
analyzed, the total energy consumed is 8,425 GJ (27.4 GJ/m2). This fi gure is subject 
to a possible variation of ±14.2 per cent based on an embodied energy uncertainty 
rate of 30 per cent, accounting for the issues associated with the data used for 
embodied energy analysis. The embodied energy and operational energy 
represent close to equivalent proportions of the total life cycle energy
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requirements. The GWP of the operational energy consumed is slightly higher 
than that for the energy embodied in the house. The GWP associated with the 
total energy use is 477.6 – 620.6 t CO2-e.

Energy (and GWP) associated with maintenance, refurbishment and eventual 
disposal of the building materials have not been included, and these too may be 
signifi cant.

As this house has already been constructed, recommendations from a design 
point of view may only be useful as knowledge for future building designs. In this 
case recommendations may focus on strategies for reducing operational energy 
consumption further, such as behavioural changes to the use of heating and 
cooling systems, blinds, opening windows and so forth. If any of the active 
systems in the house were due to be replaced, then selecting more effi cient 
replacements may also be recommended. However, replacing existing items of 
equipment (such as heating, cooling and hot water systems, refrigerators and 
other appliances) prior to the end of their physical life is usually not warranted, 
considering the associated additional embodied impacts from their manufacture.

4.5.7 What to do with the results?

How the results are used will be determined by the intended purpose of the 
study. A further assessment may be necessary if the goal of the LCA was to 
provide information to direct environmental improvement strategies, in order 
to confi rm that alterations to the building or product will actually result in a 
net environment improvement. Take the situation where the impacts 
associated with a particular HVAC system for use in a commercial offi ce 
building have been analyzed through an LCA. The study has identifi ed that 
the impacts associated with the energy consumed by the system far outweigh 
any other impacts associated with the system over its life (including those 
resulting from its manufacture). An alternative is chosen that is known to 
signifi cantly reduce the energy required for its operation; however, 
unknowingly, the energy required to manufacture it is signifi cantly higher 
than the original solution. If a decision is made to choose an alternative system 
based on reducing these operational impacts alone, without assessing the life 
cycle impacts of the alternative, then the potential exists for there to be a net 
increase in environmental impacts, despite what may be the best intentions.

4.6 Life cycle assessment tools for the built environment

There is a range of tools available worldwide for performing anything from 
simple environmental assessments up to full LCAs on buildings and other 
components of the built environment. These tools range from simple 
spreadsheet calculations to more sophisticated modelling tools that provide 
environmental information to assist in the identifi cation of the most signifi cant 
environmental issues and comparisons of alternative designs or products. 
These may take anywhere from less than an hour to up to several weeks to 
perform a single assessment.
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The main goal of these LCA tools is to simplify and organize the assessment 
process through the selection and analysis of product and environmental 
data, the assessment of environmental impacts and reporting of study fi ndings. 
Many of these tools have come about due to the lack of a clear and simple 
approach for accessing and using LCA information effectively. Whilst these 
tools need to be sophisticated enough to consider a potentially large and 
complex range of environmental issues, they must also be simple and 
understood easily enough that they can be used by the various stakeholders 
for which they are intended. For example, architects and building designers 
are constantly faced with a myriad of demands, not least the often restrictive 
time and fi nancial resources available for providing a fi nished built outcome. 
More often than not, environmental attributes of a project are the fi rst to be 
excluded when project funds and timelines are constrained. Providing a simple 
and quick to use, yet comprehensive, LCA tool for designers is essential if life 
cycle thinking is to be fully integrated across the built environment. Helping 
to make LCA simpler, more accessible and more easily integrated into current 
practices can also assist in the accelerated uptake of LCA by all of the parties 
involved in procuring the various elements of the built environment.

LCA tools containing pre-established environmental data for specifi c or 
generic materials and processes can greatly reduce the time involved in 
conducting an LCA, as the time involved in the data collection process can be 
substantially reduced. However, one of the limiting factors to the use of 
pre-established environmental data is the availability of geographic and 
temporally specifi c data representative of the product under assessment. Any 
tool is only as good as the data contained within it and while some tools allow 
the user to import or up-date existing data that may be more relevant from a 
geographic or temporal perspective, the relevance and accuracy of any results 
can be affected by the quality of that data.

The outputs of LCA tools can be used for the same range of uses for which 
the outputs of a conventional LCA are used, such as marketing, product 
development, decision making or product improvement purposes. The most 
sophisticated LCA tools are often able to assess a broad range of products and 
processes, well beyond just those associated with the built environment. There 
also exists LCA tools specifi c to the built environment, which are especially 
used to assess and improve the environmental performance of buildings.

4.6.1 Built-environment-specifi c life cycle assessment tools

These tools are intended to be used to assess buildings and sometimes other 
elements that form part of the built environment. They generally focus on 
energy and energy-related emissions, but also consider the depletion of 
natural resources, production of waste, water consumption, release of 
pollutants and human health impacts. Two such examples are the ATHENA® 
Impact Estimator for Buildings and Building for Environmental and Economic 
Sustainability (BEES) tools.
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4.6.1.1 ATHENA® Impact Estimator for Buildings by the Athena 
Sustainable Materials Institute

The ATHENA® Impact Estimator is a whole building, life cycle environmental 
decision support tool for use by building designers, product specifi ers and 
policy analysts at the conceptual design stage of a project. The tool focuses on 
assessing industrial, institutional, offi ce and residential type buildings. It 
indicates the environmental implications of different combinations of 
materials or design choices, allowing the user to consider the trade-offs 
among the various environmental impacts. Up to fi ve design scenarios can be 
compared across a range of selected environmental parameters. Multiple 
existing building designs can be compared or strategies for improving the 
environmental performance of a single design can be identifi ed. Every stage 
of the building life cycle is considered, although at different levels of 
sophistication. This includes the extraction of raw materials, material 
manufacturing, transportation, on-site construction, operational energy 
consumption, on-going maintenance, repair and replacement, demolition and 
disposal. Direct and indirect impacts associated with the energy consumed 
during the operational stage of the building are based on user-inputted 
annual operating energy by fuel type. This considers the global warming 
impacts associated with the production of the energy, as well as the related 
emissions to air, water and land over the life cycle of the building. The 
embodied impacts are calculated based on a comprehensive database of 
regionally specifi c environmental attributes for each of the constituent 
materials. These attributes include the quantity of raw materials consumed, 
energy use, water use, emissions to air and water and solid waste produced in 
order to manufacture a specifi ed quantity of these materials. The user defi nes 
the building assemblies for each element of the building in terms of their 
geometry and material make-up or composition. A bill of quantities is compiled 
as the user selects an assembly, which is then combined with the environmental 
attributes of each material to determine the total environmental impact of 
the building.

The impacts associated with maintenance and repair factor in the frequency 
of these activities for each material, the quantity of new materials required, 
the energy usage for these activities, on-site waste and the transportation of 
these components. The impacts associated with the replacement of materials 
that occurs over the life of the building are also included. These impacts are 
based on the type of building, the typical life expectancy (service-life) of each 
material, the quantity of waste material and how these are disposed. Energy 
required for demolition and the transportation to landfi ll for those materials 
assumed to be landfi lled at the end of the building’s life is also included. The 
regional variation in energy use and transportation is also factored in.

The combined quantities of inputs of energy, water and raw materials and 
outputs of emissions and waste for the whole design are categorized as per 
Table 4.17 and converted to the appropriate characterization units.



 

Quantifying built environment impacts 109

Table 4.17 Impact categories covered by the ATHENA® Impact Estimator tool

Impact category Characterization factor

Global warming Carbon dioxide (CO2) equivalents

Acidifi cation Hydrogen ion (H+) equivalents

Human health respiratory effects Particulate matter equivalents

Eutrophication Nitrogen (N) equivalents

Photochemical smog Nitrogen oxides (NOx) equivalents

Ozone depletion Trichlorofl uoromethane (CFC-11) equivalents

Primary energy Gigajoules

0 500 1,000 1,500 2,000 2,500 3,000

Manufacturing

Construction
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Demolition

Global Warming Potential (kg CO2 equivalent)        

Source: Adapted from ATHENA 2009.

Figure 4.10  Example results from the ATHENA® Impact Estimator tool, by life cycle 
stage

Results obtained from the assessment are presented graphically by life cycle 
stage for each of the impact categories, as shown for the global warming 
category in Figure 4.10. The comparison of up to fi ve alternative designs can 
be made either on a whole building level or on a per square metre of fl oor 
area basis.

One of the limitations of the tool is that the data contained within it and 
some of the assumptions made are only relevant to Canada and parts of the 
United States. Also, the LCI data for materials and components contained 
within the tool cannot be modifi ed by the user, which also limits the ability for 
the tool to be adapted by the user for use in other regions of the world.

4.6.1.2 Building for Environmental and Economic Sustainability (BEES) 
tool by NIST

The Building for Environmental and Economic Sustainability tool, developed 
by the United States National Institute of Standards and Technology (NIST), 
assesses the environmental performance of building materials and products 
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for commercial and residential buildings. Whilst based on the LCA framework, 
this tool does not allow an analysis at the whole building level.

The BEES tool uses quantitative data that is contained within the tool to 
assess the environmental performance of individual building materials and 
products across the impact categories outlined in Table 4.18. Similar products 
or materials can easily be compared across different environmental parameters 
or life cycle stages (raw material acquisition, manufacture, transportation, 
installation, use, recycling and waste management).

Results can be viewed by impact category, showing the impact of each 
category on the overall environmental performance (Figure 4.11) or by life 
cycle stage for the combined or any one of the impact categories (Figure 4.12). 
Impact scores can be combined by weighting each impact category by its 
relative importance to overall environmental performance.

 Table 4.18 Impact categories covered by the BEES tool

Impact category Characterization factor

Global warming Carbon dioxide (CO2) equivalents

Acidifi cation Hydrogen ion (H+) equivalents

Eutrophication Nitrogen (N) equivalents

Fossil fuel depletion Megajoules 

Indoor air quality Total volatile organic compound (VOC) emissions

Habitat alteration Threatened and endangered species

Water intake Litres

Criteria air pollutants MicroDALY equivalents

Photochemical smog Nitrogen oxides (NOx) equivalents

Ecological toxicity Dichlorophenoxy-acetic acid (2,4-D) equivalents

Ozone depletion Trichlorofl uoromethane (CFC-11) equivalents

Human health Toluene equivalents
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Figure 4.11  Comparing the environmental performance of alternative options using 
BEES, by impact category
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Figure 4.12  Comparing the environmental performance of alternative options using 
BEES, by life cycle stage

BEES also measures the life cycle economic performance of building products, 
considering initial capital costs and those associated with operation, 
replacement, maintenance, repair and disposal. The life cycle environmental 
impacts can be combined with the economic performance, based on a 
user-defi ned weighting factor to weight the relative importance of the 
environmental and economic components, to give an overall performance 
score.

4.6.1.3 Integrated design tools

Many building-specifi c LCA tools lack the ability for the user to visualize the 
building that is being assessed. More recent developments to these tools 
include the integration of LCA with computer-aided design (CAD) tools. By 
defi ning the characteristics of the individual elements and materials within 
the architectural CAD drawings for a building, these tools can generate a bill 
of quantities for the whole building and, using an inbuilt database of 
environmental impacts associated with specifi c materials, calculate the overall 
environmental impact of the building. Elements of the design can then be 
changed and re-assessed. One of the major advantages of these tools is the 
potential time savings for conducting an LCA. Examples of currently available 
CAD-based LCA tools include LCADesign (Ecquate 2009) and Ecotect (Autodesk 
2010).

4.6.2 General life cycle assessment tools

These tools are not specifi cally designed to assess only products or elements 
within the built environment, but nevertheless do often focus on the 
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assessment of the individual materials that are regularly used in constructing 
buildings and infrastructure systems. They also often focus on the assessment 
of manufacturing processes, packaging materials and smaller items or 
components, such as appliances and equipment. The number of processes 
covered by these tools is generally much broader than those contained within 
a building-related LCA tool; however, it is often not possible to use these tools 
for assessing a whole building.

There is a range of general LCA tools available worldwide, with the most 
commonly used and sophisticated of these being those such as SimaPro (PRé 
Consultants 2010), the Boustead Model (BCL 2007) and GaBi (PE International 
2010). These tools all cover a wide range of impact categories and life cycle 
stages and often allow comparisons to be made between alternatives. A more 
detailed list of available LCA software tools is published by the European 
Commission (2010). Despite the individual benefi ts that each tool offers, and 
their respective limitations, it is also important to be aware of other issues 
that may provide certain constraints on obtaining accurate and relevant 
fi ndings. These are particularly related to the data contained or used within 
these tools, especially its geographic relevance, age and source.

4.6.3 Limitations of existing life cycle assessment tools

All of the aforementioned tools can be useful for the particular purpose for 
which they are intended, provided that the user understands their potential 
limitations (for example, shifting of impacts to other life cycle stages that may 
not have been assessed). Even in this situation, the results can be useful if the 
intended goals of the study have been addressed.

Data reliability and completeness is the greatest concern in the use of LCA 
tools, as it is with LCA in general. The pre-established data contained within 
most LCA tools has been collected based on a process analysis framework. Some, 
such as SimaPro (PRé Consultants 2010) or the EIOLCA tool (Carnegie Mellon 
University 2002), may also contain input-output data, but no tools currently 
exist that provide an input-output-based hybrid framework to enable a 
comprehensive LCI analysis to be undertaken. Without the systemically complete 
product system boundary that an LCI based on input-output data provides, the 
reliability and usefulness of subsequent phases of an LCA can be signifi cantly 
compromised. For this reason, one of the biggest issues with current LCA tools 
is akin to that for LCA in general: that there will always be a lack of reliability or 
a degree of incompleteness associated with the software outputs.

Some of these tools allow the user to input their own data for selected 
processes, but this can signifi cantly extend the time needed to conduct an 
assessment. Also, inconsistencies in data collection methods or system coverage 
can have considerable consequences for the reliability of the study fi ndings.

Most existing LCA tools contain data or parameters that restrict the tool’s 
use to a particular geographic or regional location. Using data that is not 
representative of the product being analyzed can be problematic as impacts 
can differ substantially, even for similar products made in different countries. 
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This may be due to different fuel mixes, production processes, transportation 
distances and the source of raw materials. For some tools, it is possible to link 
to additional databases that are more representative of locations, processes or 
other characteristics of the product being analyzed. For example, SimaPro 
allows the user to import any database in a variety of formats. To date, 
databases covering production in a range of geographic locations, such as 
Japan, Europe and the United States, have been included through a multitude 
of databases, including Ecoinvent, BUWAL 250, The Franklin US LCI library, 
The ETH-ESU 96 library and Japanese, United States, Dutch and Danish input-
output tables.

4.7 Summary

A life cycle approach to the assessment and minimization of environmental 
impacts for any product or process is essential in order to ensure that 
environmental improvement strategies will result in net benefi ts to the 
environment. This chapter has described the application of life cycle assessment 
for quantifying the environmental impacts associated with the built 
environment. A case study example of a residential building has been used to 
demonstrate the various assessment phases, including goal and scope 
defi nition, life cycle inventory analysis, impact assessment and interpretation.

A streamlined approach to LCA is often considered appropriate for buildings 
and other complex products within the built environment due to the many 
thousands of potential inputs and outputs that would need to be modelled 
even for one environmental parameter. The highly energy-intensive nature of 
the built environment, all the way from resource extraction through to its use, 
further warrants the energy-focused streamlined approach commonly used to 
assess many elements of the built environment.

This chapter has placed particular emphasis on the input-output-based 
hybrid LCI approach. This is seen as the most relevant approach for quantifying 
the environmental impacts of the built environment, providing a systemically 
complete assessment of the associated inputs and outputs of any product or 
process within an entire economy. Using this method, it is possible to conduct 
a much more comprehensive assessment of the environmental impacts 
resulting from the construction of any element of the built environment than 
is possible with previous process-based approaches.

A number of the software tools available for conducting an LCA in the built 
environment have also been described. These range from built-environment-
specifi c tools to more generic tools used to assess a much broader range of 
products and processes. Whilst these tools attempt to simplify and organize 
the LCA process, the user must be aware of some of the limitations associated 
with their use, particularly those relating to the use of the data that is often 
contained within them. It is also important that the usefulness and applicability 
of any tool used for an LCA study is understood, as geographic and scope 
limitations (such as limited life cycle stages, impact categories or system 
boundaries) of some tools may reduce the relevance of any fi ndings.
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The following chapter provides a number of worked case study examples of 
LCA applied to various products and elements within the built environment. 
These cases show how LCA can, whilst not recommending any particular 
solution, assist in the environmental decision-making process.



 

5 Case studies
Examples of life cycle assessment in the 
built environment

The built environment is made up of a vast range of elements, all of which 
serve to support human existence but which also have a considerable impact 
on the environment. By using LCA to assess the extent of these impacts, it is 
possible then to identify and implement strategies that will help to alleviate 
some of the strain that the built environment poses to the natural environment, 
to which our very existence on Earth is intrinsically linked.

The LCA approach described in the previous chapter has been used here to 
perform various levels of LCA on a range of case studies refl ecting various 
elements of the built environment. Whilst the range of case studies presented 
by no means provides an exhaustive view of all of the possible components of 
the built environment, it does provide a broad cross-section of some of the key 
elements on which human societies are heavily reliant. This includes three 
building-related case studies, from a streamlined study of a single whole 
building to comparative studies of two alternative structural construction 
approaches for a commercial building and two alternative external wall 
assemblies for a residential building; a comparative analysis of a variety of 
road types and two types of railway sleepers, both part of the broad transport 
networks and infrastructure that are now essential across the ever-expanding 
cities of the world; and two of the most commonly used technologies for 
producing clean renewable energy, namely a large-scale wind turbine and a 
domestic solar photovoltaic system.

Whilst each of these case studies is based on a streamlined LCA approach, 
mainly focused on energy consumption and its associated environmental 
impacts, this is enough to demonstrate the various phases involved in an LCA, 
the potential limitations, necessary decisions, and the possible recommendations 
that might be made based on the fi ndings. These case studies also cover a 
number of environmental parameters, impact categories and approaches that 
may be used to evaluate the assessment results. Although only a limited 
number of environmental parameters and impact categories are considered in 
each of these case studies, the purpose here is not to provide a full LCA of 
each example. The objective is to demonstrate some of the key principles and 
issues associated with conducting an LCA, as well as some of the challenges 
that exist for improving the environmental performance of the built 
environment. These cases show how LCA can assist in the environmental 
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decision-making process, whilst not necessarily making recommendations on 
any particular solution.

5.1 Building case studies

The complex nature of buildings means that there are hundreds, if not 
thousands, of decisions that must be made regarding their design, construction, 
operation, maintenance and eventual demolition. There is a broad range of 
possible design solutions, ranging from the selection of materials, to the 
building components and other systems that might be used within a building. 
This, as mentioned previously, is one of the key reasons why conducting a full 
LCA on a building project can be extremely time consuming and often not 
possible within the time and resource constraints of many building projects.

The growing demand for buildings with improved environmental 
performance means that possible environmental design solutions must be 
assessed to ensure that they provide improved environmental outcomes. LCA 
is an important tool for conducting such an assessment. This assessment may 
be conducted as part of the material or product development process, with 
the fi ndings used to market a material or product’s environmental credentials 
to building designers and specifi ers, or at the building design stage to compare 
the environmental credentials of the possible choices of materials or building 
components being considered. The latter comparison is more necessary where 
the functional unit of assessment relates to a particular building design rather 
than a basic unit of material or a single product.

5.1.1 Case study 1: Selecting a building structural system – steel or 
reinforced concrete?

The purpose of this case study is to demonstrate how LCA can be used to select 
between competing or alternative construction materials or systems at the 
whole building level. It also highlights some of the decisions that may need to 
be made in this type of comparison and why a life cycle approach to this 
decision is absolutely essential.

Scope: The study quantifi es the energy inputs associated with two variations 
to the construction of a commercial offi ce building in order to determine the 
alternative with the lowest embodied energy and thus associated 
environmental impacts. These variations relate to the structural elements of 
the building and include a steel-framed construction and concrete-framed 
construction approach. All building elements – other than the beams, columns 
and slabs – were considered to be identical for both alternatives.

Impact category: Energy use

Category indicator: Gigajoules of energy

Functional unit: The functional unit for the assessment was the construction of 
a 75,570 m2, 50-storey commercial building with external dimensions of
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Figure 5.1 Plan view and image of commercial building

approximately 42 × 42 m2 (Figure 5.1). The energy required to construct the 
building (in gigajoules) was assessed based on both the steel and concrete-
framed construction methods using an identical fl oor plan. For the concrete-
framed alternative, 40 MPa steel-reinforced concrete was used for the footings 
and columns, with 30 MPa steel-reinforced concrete used for the beams, slabs 
and staircases. The steel-framed building consisted of steel columns and 
beams, 40 MPa steel-reinforced concrete for the footings and 30 MPa steel-
reinforced concrete slabs. The external façade for both construction types 
consisted of aluminium-framed double-glazed panels.

Building

construction

Raw material 

extraction

Material 

manufacture

Energy

Figure 5.2  Life cycle stages considered for steel and concrete building life cycle 
assessment

System boundary: Only the energy inputs associated with the initial building 
construction were assessed, excluding energy required for on-going component 
replacement, end-of-life refurbishment, disposal and possible reuse and 
recycling of materials. All energy requirements associated with the actual 
construction process and all supporting processes and services upstream of this 
were included as per Figure 5.2 (such as, but not limited to, raw material 
extraction, transportation and manufacturing of materials and the provision of 
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capital equipment). Where process data was not available, input-output data 
was used to fi ll any gaps in the construction system boundary (for example, for 
building services and internal fi tout and fi nishes). The choice of structural 
system is unlikely to have any signifi cant impact on the thermal performance 
and thus the operational energy requirements and associated environmental 
impact of a building and so this stage was not included in the analysis.

Figure 5.3 shows the individual material production and building 
construction processes for which process data was obtained. All remaining 
material and minor goods and services requirements were quantifi ed using 
input-output data.
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Figure 5.3  Processes included in process-based system boundary for steel and concrete 
building life cycle assessment
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5.1.1.1 Life cycle inventory of steel and concrete-framed building 
construction

The building was analyzed to determine the quantities of materials that were 
able to be quantifi ed (concrete and steel structural elements and façade 
glazing elements), for both steel and concrete structural variations (Tables B.1 
and B.2, Appendix B). The energy requirements associated with the 
construction of the two building variations were calculated by multiplying 
these material quantities by their respective hybrid material energy coeffi cient 
(as listed in Table A.2, Appendix A). The resultant value represents all process-
based energy requirements for the materials quantifi ed, as well as all energy 
requirements associated with the provision of goods and services upstream of 
and associated with these materials (avoiding the common upstream 
truncation errors associated with a process analysis). The calculation of the 
initial embodied energy fi gure for the two building variations is shown in 
Table B.1 and B.2 of Appendix B.

Any remaining data gaps (those sideways and downstream of the main 
materials and processes) were then fi lled with input-output data in accordance 
with the input-output-based hybrid LCI approach outlined in Chapter 4. From 
the energy-based input-output model developed by Lenzen and Lundie 
(2002), the pathways representing the individual materials quantifi ed for the 
two building variations (as per Figure 5.3) were identifi ed within the Other 
construction sector and their total energy requirements (as per Table 5.1)

 Table 5.1  Total energy requirement of input-output pathways covered by process data 
collected for steel and concrete building life cycle assessment

Sector Element Input-output pathway (materials covered) TER (GJ/A$1000)

Other 
construction

Structure Cement, lime and concrete slurry
(footings, slabs, columns) (beams – concrete 
building only)

0.7914

Iron and steel  Structural metal products 
(reinforcement, columns) (beams – steel 
building only)

0.2385

Façade Glass and glass products (glazing) 0.1061

Basic non-ferrous metal and products 
(extruded aluminium framing) 

0.0374

Total 1.1734

TER = Total energy requirement. Note: Iron and steel → Structural metal products represents a 
demand for goods or services (and thus energy) from the Iron and steel sector by the Structural 
metal products sector (i.e. the steel used to make reinforcement). A limitation of input-output 
analysis is that it utilizes national average data, and as both building types fall within the Other 
construction sector and both contain the same, albeit different quantities of the same materials, 
the pathways (and thus TERs) for which process data was collected are identical for both 
construction types.
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subtracted from the total energy requirement of the sector (9.9798 GJ/
A$1,000). The remaining energy inputs (those not subtracted from the total 
energy requirement of the sector) complete the system boundary for any 
previously excluded inputs sideways or downstream of the main materials.

The sum of these remai ning energy inputs in GJ per A$1,000 of sector 
output was then related to the specifi c building by multiplying it by the total 
construction cost for both building variations to give the remainder value for 
each variation (Table 5.2). This fi gure was then added to the initial embodied 
energy fi gure calculated in the previous step to determine the total embodied 
energy of both the steel and concrete-framed buildings (Table 5.3).

 Table 5.2  Calculation of remainder to fi ll sideways and downstream embodied energy 
data gaps for steel and concrete building

Sector Structure Sector TER 
(GJ/A$1000)a

Cost (A$)b Sum TER of 
related paths 
(GJ/A$1000)c

Remainder 
(GJ/building)

((a−c) x b/1000)

Other 
construction

Steel 9.9798 292,002,480 1.1734 2,571,491

Concrete 9.9798 275,452,650 1.1734 2,425,746

c From Table 5.1.

Table 5.3 Embodied energy calculation of steel and concrete building

Embodied energy
(GJ/building)

Steel Concrete

Process data for quantifi ed building materials a 412,516 321,326

Input-output data used to fi ll upstream gaps for 
building materials b

662,407 402,889

Initial embodied energy (a+b) 1,074,923c 724,215c

Input-output remainder (to fi ll sideways and 
downstream gaps)(Table 5.2)

2,571,491d 2,425,746d

Total (c+d) 3,646,414e 3,149,961e

Proportion of process data (a/e) 11.3% 10.2%
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5.1.1.2 Interpretation – evaluation of results

The assessment of the total energy inputs required to construct the steel and 
concrete-framed buildings showed a 16 per cent increase in the energy 
required for the steel-framed approach compared to the concrete-framed 
alternative. Assuming potential errors in the LCI data obtained for all of the 
processes associated with the construction of the buildings, the sensitivity of 
the fi ndings to variations in this data can be ascertained. Based on an error 
range of ±40 for the energy data used, Table 5.4 shows the possible effect of 
the data used on the comparison between the total embodied energy for 
both steel and concrete-framed buildings.

This sensitivity analysis shows that the potential errors associated with the 
data used for the study may have a signifi cant impact on the fi ndings, with a 
sensitivity of 40 per cent. This level of uncertainty, common particularly when 
using input-output data, may in the worst-case scenario actually reverse the 
main fi ndings of the study so that the steel-framed building results in lower 
energy requirements than the concrete building. However, this would only be 
the case where the energy requirements associated with the construction of 
the steel and concrete buildings were signifi cantly higher and lower than the 
national average (as represented by the input-output data), respectively.

Whilst the environmental impacts resulting from the initial construction of 
a building may represent a signifi cant component of a building’s life cycle 
impacts, these should generally not be considered in isolation. This is 
particularly important where two or more alternative construction approaches, 
materials or systems are being compared and impacts across other stages of 
the building life cycle may have a considerable infl uence on any decision to 
choose one approach over another. For example, a design solution for the 
steel-framed commercial building that allows for easy disassembly and reuse 
of the main structural steel components at the end of the building’s life may 
actually warrant a higher initial impact if these longer-term benefi ts are seen 
to outweigh the higher shorter-term impacts. This solution may reduce longer-
term impacts in two ways: fi rst, by minimizing the quantity of waste materials 
sent to landfi ll and, second, by reducing the quantity of virgin materials 
needed in the subsequent building.

Table 5.4  Sensitivity analysis for energy data uncertainty on comparison of embodied 
energy for steel and concrete building

Steel Concrete Difference

Original embodied 
energy (GJ)

3,646,414 3,149,961 496,459

Deviation (%) ±40 ±40

Embodied energy 
range (GJ)

2,187,848 – 5,104,980 1,889,977 – 4,409,945 3,215,003

Sensitivity (%) 40 40
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Of course, as with any LCA study, these fi ndings may also vary depending on 
a range of other assumptions made, including variations to the manufacturing 
technologies used, source of raw materials, location of production and 
installation. Also, if the fuel mixes used are identical for both steel and 
concrete construction, then it might be acceptable to assume that the 
construction method with the lowest embodied energy value (concrete in this 
case) will have the lower environmental impact resulting from this energy 
consumption. However, if the fuel mixes used in the manufacture of the 
different materials were to differ, then the resulting environmental impacts 
may also vary considerably. This may be the case where less greenhouse-
emissions-intensive fuel types (such as renewables) have been used during the 
material extraction, production and construction processes.

This case study has demonstrated the importance of taking a life cycle 
approach to the comparison between construction materials or systems in 
order to select the environmentally preferred alternative. The impacts 
associated with certain life cycle stages or the way in which end-of-life 
materials are treated, for instance, can have a signifi cant impact on the 
outcome of an LCA study on competing materials or construction approaches.

5.1.2 Case study 2: Commercial offi ce building

The purpose of this case study is to demonstrate how LCA can be used to 
identify from which element of a building’s construction the greatest 
environmental impacts may occur. With this information, strategies for 
reducing these impacts can then be better targeted in order to address those 
impacts that are found to be most signifi cant.

Scope: This study quantifi es the life cycle energy requirements associated 
with a commercial offi ce building in order to prioritize strategies for reducing 
its energy-related environmental impacts.

Impact category: Global warming
Category indicator: Global warming potential (CO2-e)

Functional unit: The functional unit for the assessment was a three-storey 
11,600 m2 commercial offi ce building occupied for a period of 50 years (Figure 
5.4). The main materials used in the building are listed in Table 5.5. The total 
quantity of energy consumed to construct, operate, maintain, refurbish and 
demolish the building was determined in gigajoules and then converted to 
global warming potential (GWP) to refl ect the potential energy-related impact 
across the building’s predicted life of 50 years.

System boundary: All of the energy inputs associated with the initial building 
construction, operation, on-going component replacement, intermediate 
refurbishment and eventual disposal of materials have been determined 
(Figure 5.5).

The elements included in the assessment of the construction-related impacts 
for which physical material quantities were obtained included the main
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 Figure 5.4 Image of commercial offi ce building
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Figure 5.5  Life cycle stages considered for commercial offi ce building life cycle 
assessment

Table 5.5 Materials used in commercial offi ce building construction

Element Materials

Substructure 200 mm thick reinforced concrete slab

Structure Painted steel columns and steel reinforced concrete slabs

Staircases Reinforced concrete staircases with painted steel frame and handrails

Roof Steel roof frame and decking, aluminium-framed toughened glass 
glazed roof

External walls Painted pre-cast concrete and aluminium cladding panels

Windows Frameless toughened glass solar double-glazed windows, aluminium-
framed toughened glass curtain walls, louvers, screens and windows

Internal walls Single skin brickwork, 10 mm plasterboard-clad steel and 200 mm 
thick Hebel blocks

Floor fi nishes 50 mm insitu terrazzo, carpet tiles, marble, vinyl and ceramic tiles

Wall fi nishes Painted 10 mm plasterboard, timber wall panelling, ceramic tiles

Ceiling fi nishes Painted 13 mm plasterboard and 9 mm fi bre cement sheet
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Figure 5.6  Processes included in process-based system boundary for commercial offi ce 
building life cycle assessment
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structure, fl oors, internal and external walls and fi nishes. The building services, 
such as HVAC equipment, lighting and electrical wiring, were accounted for 
with input-output data. Figure 5.6 shows the individual material production 
and building construction processes for which process data was obtained.

5.1.2.1 Life cycle inventory of commercial offi ce building

BUILDING CONSTRUCTION

The energy consumption associated with the building’s initial construction 
(including all of the energy required for the supporting processes upstream of 
the main construction process) was determined using the hybrid material energy 
coeffi cients and the input-output-based hybrid LCI approach to ensure that the 
complete system boundary relating to the building’s construction was covered. 
The quantities of materials contained within the building were determined 
based on an analysis of the individual building components (Table B.3, Appendix 
B). These material quantities were multiplied by their respective hybrid material 
energy coeffi cient (as listed in Table A.2, Appendix A) to determine the process-
based energy requirements for the materials quantifi ed, as well as all energy 
requirements associated with the provision of goods and services upstream of 
and associated with these materials. The calculation of the initial embodied 
energy fi gure for the building is shown in Table B.3, Appendix B.

As per the input-output-based hybrid LCI approach outlined in Chapter 4, 
any remaining data gaps (those sideways and downstream of the main 
materials and processes) were then fi lled with input-output data. From the 
energy-based input-output model developed by Lenzen and Lundie (2002), 
the pathways representing the individual materials quantifi ed for the building 
(as per Figure 5.6) were identifi ed within the Other construction sector and 
their total energy requirements (as per Table B.4, Appendix B) subtracted 
from the total energy requirement of the sector. The remaining energy inputs 
(those not subtracted from the total energy requirement of the sector) 
complete the system boundary for any previously excluded inputs sideways or 
downstream of the main materials. The sum of these remaining energy inputs 
in GJ per A$1,000 of sector output was then related to the specifi c building by 
multiplying it by the total construction cost to give the remainder value for 
the building (Table 5.6), which was then added to the initial embodied energy

 Table 5.6  Calculation of remainder to fi ll sideways and downstream embodied energy 
data gaps for commercial offi ce building

Sector Sector TER
(GJ/A$1000)a

Cost (A$)b Sum TER of 
related paths 
(GJ/A$1000)c

Remainder
(GJ/building)

((a−c) x b/1000)

Other construction 9.97983 23,200,000 1.9323 186,703

c
 From Table B.4.
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 Table 5.7 Embodied energy calculation of commercial offi ce building

Embodied energy 
(GJ/building)

Process data for quantifi ed building materials a 68,738

Input-output data used to fi ll upstream gaps for building 
materials b

125,869

Initial embodied energy (a+b) 194,607c

Input-output remainder (to fi ll sideways and downstream 
gaps) (Table 5.6)

186,703d

Total (c+d) 381,310e

Proportion of process data (a/e) 18%

fi gure calculated in the previous step to determine the total energy required 
to construct the building (Table 5.7).

BUILDING OPERATION

The energy consumed in operating the building was obtained from the energy 
bills, averaged over several years of consumption. The total energy consumed 
was found to be 6,466 GJ per annum. This energy is sourced from both brown 
coal-fi red electricity and natural gas, which make up 40 and 60 per cent of the 
total energy consumed, respectively. Whilst in this case the operational energy 
consumption fi gure was taken from the energy bills for an existing building, 
this information may not always be available, especially for buildings that 
have not yet been constructed. In this situation, it may be necessary to predict 
likely energy usage based on prior knowledge or experience or by using 
building energy simulation tools.

BUILDING MAINTENANCE, REFURBISHMENT AND DISPOSAL

Due to a lack of energy data related to the maintenance, refurbishment and 
disposal of buildings, several assumptions have been made to determine an 
approximate value for these components. Combined energy requirements 
associated with maintenance and refurbishment of the building over its life 
have been assumed to be equivalent to 1 per cent of the energy required for 
the building’s initial construction, per annum. This equates to 190,655 
gigajoules of energy over the anticipated life of the building. The energy 
associated with disassembly or demolition and subsequent disposal of 
materials at the end of a building’s life has been shown by Crowther (1999) to 
represent less than 1 per cent of the energy required across the building life 
cycle. To account for this energy, a fi gure equivalent to 1 per cent of the life 
cycle energy requirements of the building has been included in the life cycle 
energy fi gure for the building. This equates to 12,962 gigajoules of energy.
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5.1.2.2 Impact assessment – life cycle greenhouse gas emissions

The life cycle energy requirements of the building were converted to GWP 
impacts using the results from the LCI and characterization factors. A 
characterization factor of 60 kg CO2-e per GJ was used to convert the energy 
required for initial construction, on-going maintenance, refurbishment and 
disposal to GWP impacts. The GWP associated with the energy required for 
the building’s operation was calculated by converting the delivered operational 
energy value into primary energy terms using a factor of 3.4 for the electricity 
component and 1.4 for the natural gas component. Characterization or 
emissions factors for brown coal-fi red electricity and natural gas were then 
used to convert the primary energy consumption fi gures into emissions terms. 
GWP factors for the three main greenhouse gases (CO2, CH4 and N2O) were 
then used to convert the emission fi gures into CO2-e terms. The life cycle 
emissions associated with the building were then able to be determined, as in 
Table 5.8.

 Table 5.8  Life cycle greenhouse gas emissions of commercial offi ce building

Life cycle stage Primary 
energy (GJ)

GHG Emissions factor
(kg per GJ)^

GWP* Total 
emissions 
(t CO2-e)

Construction 381,310 CO2-e 60 22,879

Operation (50 years)

Electricity 439,688 CO2 92.7 1 40,759

“ CH4 0.01 25 110

“ N2O 0.4 298 52,411

Natural gas 271,572 CO2 51.2 1 13,904

“ CH4 0.1 25 679

“ N2O 0.03 298 2,428

Maint. and 
refurbishment

190,655 CO2-e 60 11,439

Demolition and 
disposal

12,962 CO2-e 60 778

Total life cycle emissions 145,387

^Source: Department of Climate Change 2008: 202.
*Global Warming Potential, Source: IPCC 2007b: 212.
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5.1.2.3 Interpretation – evaluation of results

The assessment of the life cycle greenhouse gas emissions associated with the 
commercial offi ce building showed that a total of 145,387 tonnes of CO2-e 
emissions are produced over the life of the building. The greatest proportion 
of these emissions (76 per cent) can be attributed to the energy required for 
the building’s operation (for heating, cooling, lighting and other services) 
(Figure 5.7). This should therefore be where most environmental improvement 
efforts are focused in order to make the greatest contribution to reducing the 
life cycle energy-related environmental impacts of the building.

Assuming potential errors in the LCI data obtained for all of the stages 
associated with the building’s life cycle, the sensitivity of the fi ndings to 
variations in this data can be ascertained. Based on an error range of ±40 for 
the data used to calculate the construction, maintenance, refurbishment, 
demolition and disposal energy requirements, Table 5.9 shows the possible 
effect of the data used on the total life cycle emissions of the building. 
Operational energy requirements have not been included here as these were 
based on actual measured consumption fi gures.

This sensitivity analysis shows that the potential errors associated with the 
data used for the study may have a signifi cant impact on the fi ndings, with a 
sensitivity of 40 per cent. The contribution of the non-operational energy-
related emissions may range from 14 to 34 per cent of the total life cycle 
emissions of the building.

Operation
75%

Maintenance 
and 

refurbishment
8%

Demolition and 
disposal

1%

Construction
16%

Figure 5.7  Life cycle greenhouse gas emissions of commercial offi ce building, by life 
cycle stage
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 Table 5.9  Sensitivity analysis for energy data uncertainty on impact category results 
for commercial offi ce building

Life cycle stage Total emissions produced (t CO2-e)*

Construction a 22,879

Maintenance and refurbishment b 11,439

Demolition and disposal c 778

Total (non-operational) (a+b+c) 35,096

Deviation (%) ±40

Range 21,058 – 49,134

Sensitivity (%) 40

*Total emissions calculated by multiplying energy requirement by an emissions factor of 60 kg 
CO2-e/GJ.

5.1.3 Case study 3: Construction assemblies

By the time that a building design has progressed to a stage where its 
environmental performance can be assessed at a whole building level using 
LCA, the opportunities for improvement have been diminished, as many 
decisions on systems, planning and materials have already been made. History 
shows that bringing about any major changes to these decisions at this point 
is diffi cult. Hence, building designers need reliable environmental information 
as early as possible during the design process to ensure that environmental 
outcomes can be maximized. Whilst it is not possible to assess the environmental 
performance of a whole building before it has even been designed, having 
environmental performance information for individual building materials and 
components readily available can greatly assist building designers to make 
more informed choices early on.

It is generally not necessary to replicate the assessment of materials or 
components for every project as existing data can more readily be used, thus 
streamlining the assessment and environmental decision-making processes. 
Environmental performance data for common construction components and 
materials can be pre-assessed and compiled into a database or tool to streamline 
the material selection decisions made during the building design process.

A number of tools or databases that facilitate the assessment of the 
environmental performance of construction materials or components currently 
exist. These are often based on an LCA of the constituent assembly materials, 
covering a range of life cycle stages, from initial embodied impacts to the 
impacts associated with operation, maintenance and eventual disposal. For 
example, the ATHENA® EcoCalculator for Assemblies (ATHENA 2007) enables 
an assessment of the global warming potential, fossil fuel depletion, embodied 
energy, and the pollution to air and water associated with a wide combination 
of building assemblies, covering all stages from raw material extraction 
through to fi nal disposal, but excluding operational impacts.
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This case study demonstrates how this level of information can be benefi cial 
to building designers when selecting environmentally preferred building 
components. For example, by providing the energy-related global warming 
impacts associated with two (or more) external wall assemblies for a residential 
building, a designer can compare and select the preferred option that 
minimizes GWP impacts from that component of the building across the 
building life cycle.

Scope: The energy inputs associated with the construction (including all 
supporting inputs), maintenance and refurbishment of two residential 
building external wall assemblies over a 50-year period were quantifi ed. These 
energy inputs were converted to carbon dioxide equivalents (CO2-e) to indicate 
the GWP impacts of each assembly.

Impact category: Global warming
Category indicator: Global warming potential (CO2-e)

Functional unit: A 1 m2 area of external wall was assessed for each assembly 
type over a lifetime of 50 years. The details for the assemblies are shown in 
Table 5.10.

System boundary: The energy inputs associated with raw material extraction, 
material manufacture, construction, maintenance (such as re-painting) and 
refurbishment (replacement of materials) were assessed, as per Figure 5.8. The 
impacts and benefi ts associated with eventual reuse or recycling of materials 
were excluded.

 Table 5.10 Characteristics of construction assemblies

Assembly Description

Brick veneer

• Standard clay brick external cladding
• Aluminium refl ective foil insulation
• 90 x 45 softwood internal framing
• R2.0 fi breglass batt insulation
• 10 mm plasterboard internal lining
• Water-based paint (internal fi nish)

Timber weatherboard

• 25 mm hardwood weatherboard external cladding
• Aluminium refl ective foil insulation
• 90 x 45 softwood internal framing
• R2.0 fi breglass batt insulation
• 10 mm plasterboard internal lining
• Water-based paint (external & internal fi nish)

Figure 5.9 shows the individual production processes for which process data 
was obtained for the two assemblies.
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5.1.3.1 Life cycle inventory of assembly construction, maintenance 
and refurbishment

ASSEMBLY CONSTRUCTION

The material quantities contained within each of the assemblies were 
determined based on common construction techniques. The energy 
requirements associated with the assemblies’ initial construction were 
calculated by multiplying these material quantities by their respective hybrid 
material energy coeffi cient (Table A.2, Appendix A). The resultant value 
represents all process-based energy requirements for the materials quantifi ed, 
as well as all energy requirements associated with the provision of goods and 
services upstream of these materials (avoiding the common upstream 
truncation errors associated with process analysis). The calculation of the 
initial embodied energy fi gure for the construction of the assemblies is shown 
in Table 5.11 and Table 5.12.

Input-output data was then used to fi ll any remaining data gaps (those 
sideways and downstream of the main materials) in accordance with the 
input-output-based hybrid LCI approach outlined in Chapter 4. From the 
energy-based input-output model developed by Lenzen and Lundie (2002), 
the pathways representing the individual materials quantifi ed for the 
assemblies (as per Figure 5.9) were identifi ed within the Residential building 
sector (as per Tables B.5 and B.6 of Appendix B for the brick veneer and timber 
weatherboard assemblies, respectively).

 Table 5.11  Material quantities and initial embodied energy calculation for brick 
veneer assembly construction

Component Material Material 
quantity

Unit Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy
(GJ/m2)

External cladding Clay bricks 0.85 m2 0.56 0.476

Mortar 0.0314 t 2.00 0.063

Wall ties Steel 0.00005 t 85.46 0.005

Insulation Aluminium 
refl ective foil

1 m2 0.14 0.137

R2.0 fi breglass 
insulation

0.869 m2 0.18 0.159

Framing Softwood 0.0118 m3 10.90 0.129

Internal lining Plasterboard (10 mm) 1 m2 0.21 0.207

Internal fi nish Water-based paint 1 m2 0.096 0.096

Total 1.270

Note: Figures may not sum due to rounding.
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 Table 5.12  Material quantities and initial embodied energy calculation for timber 
weatherboard assembly construction

Component Material Material 
quantity

Unit Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy
(GJ/m2)

External fi nish Water-based paint 1 m2 0.096 0.096

External cladding Hardwood timber 0.025 m3 21.3 0.53

Insulation Aluminium 
refl ective foil

1 m2 0.14 0.14

R2.0 fi breglass 
insulation

0.869 m2 0.18 0.16

Framing Softwood 0.0118 m3 10.9 0.13

Internal lining Plasterboard (10 mm) 1 m2 0.21 0.21

Internal fi nish Water-based paint 1 m2 0.096 0.096

Total 1.36

The combined total energy requirement of these pathways was subtracted 
from the total energy requirement of the Residential building  sector. The 
remaining energy inputs (those not subtracted from the total energy 
requirement) complete the system boundary for any previously excluded 
inputs sideways or downstream of the main materials. The sum of these 
remaining energy inputs was then converted to energy terms by multiplying it 
by the construction cost of each assembly to give the remainder value for the 
assemblies (Table 5.13), which was then added to the initial embodied energy 
fi gure calculated in the previous step to determine the total embodied energy 
associated with the initial construction of the assemblies (Table 5.14).

Table 5.13  Calculation of remainder to fi ll sideways and downstream embodied 
energy data gaps for construction assemblies

Assembly Sector TER 
(GJ/A$1000)a

Cost
(A$/m2)b

Sum TER of
related paths
 (GJ/A$1000)c

Remainder
(GJ/m2 assembly)

((a−c) x b/1000)

Brick veneer 10.633 117 3.173 0.87

Timber weatherboard 10.633 117.05 1.084 1.12

c
 From Tables B5 and B6.
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 Table 5.14 Embodied energy calculation of construction assemblies

Embodied energy 
(GJ/m2 assembly)

Brick veneer assembly:

Initial embodied energy (Table 5.11) 1.27a

Input-output remainder (to fi ll sideways and 
downstream gaps) (Table 5.13)

0.87b

Total (a+b) 2.14

Weatherboard assembly:

Initial embodied energy (Table 5.12) 1.36c

Input-output remainder (to fi ll sideways and 
downstream gaps) (Table 5.13)

1.12d

Total (c+d) 2.48

ASSEMBLY MAINTENANCE AND REFURBISHMENT

The energy associated with the maintenance and replacement of materials 
(also known as the recurring embodied energy) during the assumed 50-year 
life cycle of the building in which the assemblies would be part was calculated 
based on assumed maintenance requirements and replacement rates for the 
constituent materials, as per Table 5.15.

As for the initial embodied energy calculation, the energy embodied in 
replacement materials was calculated by multiplying the material quantities 
by the hybrid material coeffi cients and fi lling the data gaps associated with 
energy inputs sideways and downstream of these materials with input-output 
data, as per the hybrid LCI approach. Table 5.16 and Table 5.17 show the 
calculation of the recurrent embodied energy for the two assemblies.

 Table 5.15 Replacement rates for common building materials

Material Useful life Material Useful life

Aluminium refl ective foil 50^ Steel wall ties 50^

Clay bricks 50^ Hardwood (external) 25#

Fibreglass insulation 50^ Softwood (internal) 50#

Mortar 50^ Water-based paint 10*

Plasterboard 30*

Note: Based on 50 year building life. Source: *Treloar et al. (2000a), 
#
FWPA (2007), ^assumed.
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 Table 5.16 Calculation of recurrent embodied energy of brick veneer assembly

Initial 
embodied 

energy (GJ/m2)

No. of 
replacements

Recurrent
embodied 

energy (GJ/m2)

Internal lining (plasterboard) 0.21 1 0.21a

Internal fi nish (paint) 0.096 4 0.38b

Recurrent embodied energy (a+b) 0.59c

Input-output data for replacement materials:

Total energy requirement* 0.47d

Inputs covering process data^ 0.29e

Input-output remainder (to fi ll sideways and downstream gaps) (d−e) 0.18f

Total recurrent embodied energy of material replacement (c+f) 0.77

*Based on the cost of the replacement materials (A$43.78) and the TER of the Residential building 
sector (10.633 GJ/A$1,000). ^This value equates to the sum of the TERs of the related pathways 
(including those processes considered not to be associated with the replacement materials, e.g. 
concrete and steel production) (6.60 GJ/A$1,000) multiplied by the cost of the replacement 
materials.

 Table 5.17  Calculation of recurrent embodied energy of timber weatherboard 
assembly

Initial 
embodied 

energy (GJ/m2)

No. of 
replacements

Recurrent 
embodied 

energy (GJ/m2)

External cladding (hardwood timber) 0.53 1 0.53a

Internal lining (plasterboard) 0.21 1 0.21b

Internal and external fi nish (paint) 0.19 4 0.77c

Recurrent embodied energy (a+b+c) 1.51d

Input-output data for replacement materials:

Total energy requirement* 1.205e

Inputs covering process data^ 0.738f

Input-output remainder (to fi ll sideways and downstream gaps) (e−f) 0.467g

Total recurrent embodied energy of material replacement (d+g) 1.97

*Based on the cost of the replacement materials (A$113.33) and the TER of the Residential building 
sector (10.633 GJ/A$1,000). ^This value equates to the sum of the TERs of the related pathways 
(including those processes considered not to be associated with the replacement materials, e.g. 
iron and steel production) (6.513 GJ/A$1,000) multiplied by the cost of the replacement materials.
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Figure 5.10  Life cycle embodied energy requirements of brick veneer and timber 
weatherboard assemblies

These initial and recurrent embodied energy fi gures were then summed to 
determine the total life cycle embodied energy requirements for the 
construction, maintenance and refurbishment of both assemblies, as depicted 
in Figure 5.10.

5.1.3.2 Impact assessment – life cycle greenhouse gas emissions

The life cycle embodied energy requirements of the two assemblies were 
converted to GWP impacts using the results from the LCI and the characterization 
factor of 60 kg CO2-e per GJ (Table 5.18).

Table 5.18  Life cycle greenhouse gas emissions of construction assemblies, per m2 of 
assembly

Assembly Life cycle 
embodied 
energy (GJ)

GHG Emissions 
factor

(kg per GJ)

Total emissions 
produced (t CO2-e)

Brick veneer 2.911 CO2-e 60 0.175

Timber weatherboard 4.453 CO2-e 60 0.267

 5.1.3.3 Interpretation – evaluation of results

The fi ndings from the impact assessment phase show that over the 50-year life 
cycle considered the timber weatherboard assembly results in 53 per cent 
greater GWP impacts than the brick veneer alternative. This impact results not 
only from the greater quantity of energy required for the initial manufacturing
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 Table 5.19  Signifi cance of category results for construction assemblies over 50-year life 
cycle

Life cycle stage Category result (GWP) (%)

Brick veneer Timber weatherboard

Initial embodied energy 73.6 55.6

Recurrent embodied energy 26.4 44.4

Total life cycle energy 100 100

and construction stage, but also from the energy requirements and thus GWP 
impacts associated with maintenance and replacement during the considered 
life cycle. For the timber weatherboard assembly, these recurrent impacts 
represent a 44 per cent contribution towards the total life cycle GWP impact 
(Table 5.19).

This case study shows the importance of being able to assess impacts that 
occur across various stages of the building life cycle. In this case, the impacts 
associated with on-going maintenance and materials replacement of the 
assemblies are quite signifi cant. Employing particular design strategies that 
address only those impacts resulting from initial construction (such as using 
materials with a lower embodied energy) may be counter-productive. A more 
holistic approach to environmental design that attempts to minimize life cycle 
impacts (such as through the specifi cation of more durable materials that may 
even involve a greater investment of embodied energy to begin with) is often 
a better solution.

The most obvious and simplest recommendation that stems from these 
fi ndings may be that the brick veneer option would be the most preferred 
from the point of minimizing greenhouse gas emissions. However, there is 
also much more that can be gleaned from these fi ndings. For example, areas 
for further reductions in energy consumption and emissions in both options, 
as well as the identifi cation of materials or components that may be able to 
be substituted with more durable or less emissions-intensive alternatives, can 
be identifi ed.

The thermal performance of building assemblies, particularly for external 
elements, will infl uence the quantity of energy required to run heating and 
cooling systems to keep internal temperatures to an acceptable level. This 
energy and the associated environmental impacts from its production should 
also be considered in a broader assessment of the life cycle impacts of particular 
assembly choices. However, the exact quantity of energy consumed will be 
dependent on a range of factors beyond the characteristics of the assemblies 
themselves, including the location, size, design and orientation of the building, 
as well as occupant behaviour.

Energy requirements associated with building assemblies or any other 
building component are obviously only one of a number of the resource inputs 
and emission and waste outputs that may be attributed to them. A broader 
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LCA will consider the other environmental issues that may arise from the use 
of particular building assemblies and this information is useful for building 
designers to make the most informed environmental choices. The weighted 
importance of environmental parameters, the durability and recyclability of 
materials, local environmental conditions and the source of raw materials may 
also have an impact on the preferred choice with the lowest long-term impact 
on the environment.

5.2 Transport infrastructure case studies

As the world’s population continues to be drawn towards large cities, transport 
systems are becoming more and more essential to aid their movement and 
improve or maintain the effi ciency of these cities. As a city’s population grows, 
so does the need to build new and upgrade existing transport networks and 
all of the associated infrastructure that goes with this. As for other elements 
of the built environment, such as buildings, there often exists a number of 
competing or alternative options for the design of many of the elements of 
these transport networks. Many of the decisions that must be made in the 
design of new or upgrade of existing road and rail networks relate to the 
materials used in their construction. Whilst the fi nancial and functional aspects 
of the various options have long been key factors in the decision-making 
process, as environmental issues gain much greater prominence on a global 
level, the environmental impacts associated with the possible options are 
becoming just as important. The following two case studies provide examples 
of how LCA can be – and has been – used within transport planning to select 
the most environmentally preferred option for railway sleeper and road 
construction materials.

5.2.1 Case study 4: Railway sleepers

The purpose of this case study is to demonstrate how LCA can be used to select 
between competing or alternative materials based on particular environmental 
priorities. It also highlights some of the decisions that may need to be made in 
weighting environmental parameters or impact categories. Also, the 
importance of defi ning an appropriate functional unit and considering the 
durability and anticipated service-life of competing materials is demonstrated.

Scope: The study quantifi es the energy and water inputs and greenhouse 
gas emissions associated with the production of two alternative railway 
sleeper (also known as cross-ties) materials. These materials include reinforced 
concrete and hardwood timber (River red gum or Eucalyptus camaldulensis). 
The properties of the sleepers are shown in Table 5.20.

Functional unit: The functional unit for the assessment was a 1 km length of 
track. Reinforced concrete sleepers will generally be expected to last longer 
than hardwood timber sleepers. In this situation, time is an important 
consideration when defi ning the functional unit. It is important that the
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 Table 5.20 Railway sleeper properties

Reinforced concrete sleeper:

Concrete weight 285 kg per sleeper

Concrete strength 50 MPa, based on Australian Standard 1085.14 (2003)

Steel reinforcement 2,700 x 8 dia x 4 per sleeper

Fastening details 10 kg per sleeper

No. of sleepers per km track 1,400 (714 mm spacing)

Timber sleeper:

Species River red gum, Eucalyptus camaldulensis

Air dry density 900 kg/m3

Dimensions 2,850 x 125 x 250

Weight 80.2 kg per sleeper

No. of sleepers per km track 1,460 (685 mm spacing)

varying periods of replacement are factored in through a consideration of 
related impacts over an extended period of time. In this case, a 100-year life 
cycle was considered.

System boundary: The energy and water inputs and greenhouse gas emissions 
associated with the initial and replacement sleeper production were assessed, 
excluding inputs and outputs associated with maintenance, end-of-life 
disposal and possible reuse and recycling of materials. All energy and water 
requirements and greenhouse gas emissions associated with the actual timber 
and concrete sleeper production processes and all supporting processes and 
services upstream of this were included, as per Figure 5.11 (such as, but not 
limited to, raw material extraction, transportation and manufacturing of 
materials and the provision of capital equipment). Steel fastenings used to 
connect the rails to the sleepers were also included. Ballast and rails were 
excluded from the analysis as these were considered to be identical for both 
sleeper types.

The assessment of the emissions associated with timber sleeper production 
and use included not only the direct and indirect emissions resulting from the 
energy required to produce the sleepers and their fastenings, but also the 
non-energy-related emissions resulting from the burning or decay of 
roundwood conversion waste from the harvesting and production processes, 
the decay of sleepers over time and a credit for the carbon stored in the 
sleepers.

Figure 5.12 shows the individual sleeper material production processes for 
which process data was obtained.
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Figure 5.11  Life cycle stages, inputs and outputs considered for railway sleeper life 
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Figure 5.12  Processes included in process-based system boundary for reinforced 
concrete and timber sleeper life cycle assessment
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 Table 5.21  Impact categories and indicators for railway sleeper life cycle assessment

Impact category Category indicator

Energy use Gigajoules of energy (GJ)

Water use Kilolitres of water (kL)

Global warming GWP (t CO2-e)

Three impact categories were selected for the LCA of the sleeper options, 
addressing what were considered to be the most important environmental 
impacts resulting from sleeper production and use, namely global warming 
and the depletion of water and energy resources (Table 5.21).

5.2.1.1 Life cycle inventory of reinforced concrete and timber sleeper 
production

The energy and water requirements and greenhouse gas emissions associated 
with the production of the two sleeper types were calculated by multiplying 
the quantities of the constituent sleeper materials by their hybrid material 
coeffi cient. As per the input-output-based hybrid LCI approach outlined in 
Chapter 4, input-output data was then used to fi ll any remaining data gaps 
(those sideways and downstream of the main materials and processes) to 
calculate the total initial energy and water requirements and greenhouse gas 
emissions associated with the production of the two sleeper types. This fi gure, 
per sleeper, was then converted to a per kilometre basis based on the number 
of sleepers required for this length of track.

While the service-life of the two sleeper types can vary considerably 
depending on usage frequency, loads and environmental conditions, the 
service-life that has been assumed for the sleepers was 50 and 30 years for the 
reinforced concrete and timber sleepers, respectively. This consideration of 
service-life is essential to ensure that any comparative assessment of competing 
or alternative options factors in the life cycle benefi ts of a prolonged service-
life and greater durability. Recurrent inputs of energy and water and 
greenhouse gas emissions produced as a result of sleeper replacement over a 
100-year life cycle were calculated based on the number of replacements 
required for each sleeper type (one for concrete and three for timber). Life 
cycle energy and water inputs and emission outputs associated with both 
sleeper types were then calculated by combining the initial and total recurring 
inputs and outputs during a 100-year period (Table 5.22).
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 Table 5.22  Life cycle energy, water and emissions of reinforced concrete and timber 
sleepers

Parameter Sleeper type Initial input/
output

Recurrent
input/output

Life cycle
input/output

Energy (GJ/km) Reinforced concrete 4,335 4,335 8,670

Timber 6,658 18,388 25,046

Water (kL/km) Reinforced concrete 8,814 8,814 17,627

Timber 9,589 26,482 36,071

Emissions (t CO2-e/km) Reinforced concrete 328 328 656

Timber 812 2,244 3,481*

*Includes 425 t CO2-e resulting from the decay of sleepers used over 100 years.
Note: Figures may not sum due to rounding.

5.2.1.2 Impact assessment

As the values obtained from the LCI phase for each of the impact categories 
were already in the required category indicator units, it was unnecessary to 
undertake a characterization of the LCI results. However, each impact category 
was weighted based on its perceived impact relative to the magnitude of the 
impacts caused by the other two impact categories (Table 5.23).

The calculated weighting results show that energy consumption is the most 
important factor for the manufacture of timber sleepers. However, for 
concrete sleepers, water consumption is the most important factor. Overall, 
across all three impact categories considered, the impact of timber sleepers is 
around 155 per cent greater than that of the reinforced concrete alternative.

 Table 5.23  Weighting of impact categories and life cycle inventory results for railway 
sleeper life cycle assessment

Impact category Life cycle input/output
per km of sleepers

Weighting 
factor

Weighting result

Concrete Timber Concrete Timber

Energy use (GJ) 8,670 25,046 0.3 2,601 7,514

Water use (kL) 17,627 36,071 0.2 3,525 7,214

Global warming (t CO2-e) 656 3,481 0.5 328 1,740

Total 6,454 16,468
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5.2.1.3 Interpretation – evaluation of results

This analysis showed that, regardless of the perceived importance of each of 
the impact categories considered, the reinforced concrete sleepers result in 
lower environmental impacts than timber sleepers. Despite this fi nding, 
further improvements in the environmental performance associated with the 
production of both sleeper types are possible. This may involve improving the 
resource effi ciency of the manufacturing process or sourcing alternative 
materials as a substitute for the resource-intensive materials currently being 
used, such as cement used in the manufacture of concrete sleepers.

Assuming potential errors in the LCI data obtained for the production of 
the constituent sleeper materials, the sensitivity of the weighted fi ndings to 
variations in this data can be ascertained. Based on an error range of ±40 per 
cent for the energy, water and emissions data used, Table 5.24 shows the 
possible effect of this data on the weighted environmental impacts associated 
with the sleeper production.

This sensitivity analysis shows that the potential errors associated with the 
data used for the study may have a signifi cant impact on the fi ndings, with a 
sensitivity of 40 per cent. In the worst-case scenario, whilst this may have no 
effect on the preferred sleeper type based on the energy use and global 
warming impact categories, it could potentially reverse the fi nding that 
reinforced concrete sleepers provide reduced water consumption compared 
to timber sleepers. Also, had the durability and anticipated service-life of the 
sleepers not been considered in the defi nition of the functional unit, then the 
fi ndings may not have indicated the true extent to which reinforced concrete 
sleepers provide reduced energy and water consumption and lower 
greenhouse gas emissions compared to timber sleepers.

 Table 5.24  Sensitivity analysis on weighting result for embodied energy, water and 
emissions data uncertainty, by railway sleeper type

Impact category Weighting result

Reinforced concrete Timber

Energy use (GJ) 2,601 7,514

Water use (kL) 3,525 7,214

Global warming (t CO2-e) 328 1,740

Deviation (%) ±40 ±40

Energy use range (GJ) 1,561 – 3,641 4,508 – 10,520

Water use range (kL) 2,115 – 4,935 4,328 – 10,100

Global warming range (t CO2-e) 197 – 459 1,044 – 2,436

Sensitivity (%) 40 40



 

144 Case studies

5.2.2 Case study 5: Road construction

This case study demonstrates how LCA can be used to select between 
competing or alternative materials used in road construction. A streamlined 
LCA approach has been taken, quantifying only energy consumption, in order 
to highlight the process used for selecting an environmentally preferred type 
of road construction.

Scope: The study quantifi es the energy inputs associated with the construction 
and maintenance of four alternative road construction types in order to 
compare the total energy requirements associated with each type of road 
construction. The attributes of these road types are detailed in Table 5.25.

Impact category: Energy use
Category indicator: Gigajoules of energy

Functional unit: The functional unit for the assessment was a 1 m length of 
road over a period of 40 years. The traffi cable width of the road was assumed 
to be 7 m with 2 m-wide shoulders on either side.

System boundary: The energy inputs associated with the initial construction 
and on-going maintenance of each road type were assessed. All energy 
requirements associated with the actual road construction process and all 
supporting processes and services upstream of this were included, as per 
Figure 5.13. Energy requirements associated with the installation of sub-surface 
drainage were assumed to be the same for all road types and thus not included 
in the analysis. The demolition stage was not included as very rarely are 
existing roads demolished; rather they are often maintained indefi nitely into 
the future.

 Table 5.25 Road type characteristics for 1 m length of road

Road type Base Sub-base

Continuously reinforced 
concrete (CRC)

2.09 m3 of 32 MPa concrete;
133 kg steel reinforcement

1.38 m3 of 5 MPa concrete

Full-depth asphalt (FDA) 2.97 m3 of asphaltic 
concrete

1.65 m3 of stabilized earth*

Deep-strength asphalt (DSA) 2.22 m3 of asphaltic 
concrete

Compacted graded earth

Deep-strength asphalt
on bound sub-base (DSAB)

1.65 m3 of asphaltic 
concrete

2.2 m3 of stabilized earth*

*For road types FDA and DSAB, the sub-base of stabilized earth is assumed to be modelled 
adequately by 5 MPa concrete. No embodied energy is attributed to compacted graded earth, 
other than the amount of direct energy implied in the input-output model for the road 
construction process.
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Figure 5.14  Processes included in process-based system boundary for continuously 
reinforced concrete (CRC) road construction life cycle assessment

Figure 5.14 shows the individual material production processes for which 
process data was obtained for the construction of the continuously reinforced 
concrete (CRC) road type.

5.2.2.1 Life cycle inventory of road construction and maintenance

The quantity of materials contained within a 1 m length of road (for all four 
road types) was determined based on an analysis of the individual road types 
(Table B.7, Appendix B). The energy requirements associated with the 
production of the road materials were calculated by multiplying the quantity 
of these materials by the hybrid material energy coeffi cients for the respective 
materials, which included some of the process data collected for the road 
material production processes. Additional process data was obtained from the 
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latest SimaPro database, assuming Australian production. The resultant value 
represents all process-based energy requirements for the materials quantifi ed, 
as well as those associated with the provision of goods and services upstream 
of and associated with these materials (avoiding the common upstream 
truncation errors associated with a process analysis). Detailed calculations of 
these initial embodied energy fi gures for the four road types are given in 
Tables B.7 to B.10 of Appendix B.

Input-output data was then used to fi ll any remaining data gaps (those 
sideways and downstream of the main materials and processes) in accordance 
with the input-output-based hybrid LCI approach outlined in Chapter 4. Using 
the energy-based input-output model developed by Lenzen and Lundie 
(2002), the pathways representing the individual materials quantifi ed for the 
four road types were identifi ed within the relevant economic sector (Other 
construction) and the sum of their total energy requirements (as per Table 
5.26) subtracted from the total energy requirement of the sector. Other Stage 
One inputs into the Other construction sector that were considered not likely 
to be used in road construction were also subtracted (such as glass products 
and electrical equipment used in non-residential building construction, which 
is also part of the Other construction sector). The remaining fi gure represents 
any previously excluded energy inputs sideways or downstream of the main 
materials (including the direct energy required for road construction). This 
value in GJ per A$1,000 of sector output was then related to the specifi c 
functional unit by multiplying it by the total cost for a 1 m length of road to 
give the remainder value for the road length (Table 5.26). This remainder was 
then added to the initial embodied energy fi gure calculated in the previous 
step to determine the total energy requirements for the construction of each 
road type (as shown in Table 5.27 for the CRC road type).

Table 5.26  Calculation of remainder to fi ll sideways and downstream embodied 
energy data gaps for road construction

Road type Sector Sector TER 
(GJ/A$1000)a

Cost (A$)b Sum TER of 
related paths 
(GJ/A$1000)c*

Remainder 
(GJ/m road)

((a−c) x b/1000)

CRC Other construction 9.9798 596 5.074 2  .924

FDA “ “ 858 4.695 4.5 34

DSA “ “ 630 3.904 3.82 8

DSAB “ “ 643 4.695 3.398 

*This fi gure also includes inputs considered to not be used in road construction (e.g. glass 
products).

 The annual energy consumption associated with maintenance of the roads 
was assumed to be equivalent to 4 per cent of the energy required for initial 
construction. Total embodied energy requirements of the four road types over 
a 40-year life cycle are shown in Table 5.28 and Figure 5.15.
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Table 5.27 Calculation of initial embodied energy of CRC road construction

Embodied energy
(GJ/m road)

Process data for quantifi ed road materials a 14.76

Input-output data used to fi ll upstream gaps for road 
materials b

12.58

Initial embodied energy (a+b) 27.34c

Input-output remainder (to fi ll sideways and 
downstream gaps) (Table 5.26)

2.924d

Total (c+d) 30.26e

Proportion of process data (a/e) 48.8%

 Table 5.28 Life cycle energy requirements of four road types, per metre of road

Road type Initial embodied 
energy (GJ)a

Annual 
maintenance 
energy (GJ)b

Life cycle energy 
(GJ)(a+(b x 40))

C   ontinuously reinforced 
concrete (CRC)

30.26 1.21 78.68

Full-depth asphalt (FDA) 18.28 0.73 47.53

Deep-strength asphalt (DSA) 10.66 0.43 27.72

Deep-strength asphalt
on bound sub-base (DSAB)

14.62 0.58 38.01

Note: Figures may not sum due to rounding.
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Figure 5.15 Life cycle energy requirements of alternative road types
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5.2.2.2 Interpretation – evaluation of results

This case study shows that by assessing the environmental performance of a 
range of possible solutions, in this case for road construction, it is possible to 
identify a solution that may potentially result in the lowest environmental 
impact of all options considered (in this case the DSA road type). This does not 
mean however that this will necessarily be the preferred option. Simple and 
signifi cant improvements to other options (such as the type and source of raw 
materials used or production process effi ciency improvements) that may 
initially appear to have a greater environmental impact may in fact prove to 
be a better option. For example, the replacement of some or all of the cement 
used to manufacture the CRC road type with waste or lower impact 
cementitious material may signifi cantly reduce the energy requirements for 
concrete production. For example, assuming a 50 per cent replacement of 
cement with fl yash or a similar waste material could reduce the energy 
required for the roads’ initial construction and on-going maintenance by as 
much as 21 per cent.

5.3 Renewable energy technology case studies

The rate of growth in the renewable energy sector has never been greater than 
at present. Renewable technologies are seen as a major part of the solution to 
reduce the environmental impacts, such as climate change, of fossil-fuel-based 
energy sources. There are many different technologies both well-developed and 
emerging that could be used to replace the various forms of energy that we 
currently consume. These range from using bio-waste and micro-algae to replace 
oil for use as transport fuel; wind turbines, solar photovoltaics and geothermal 
power plants to produce electricity needed to power our cities; and solar thermal 
systems to heat water and generate power. Considerable effort has gone into 
developing these technologies in an attempt to reduce the impacts caused by 
traditional technologies and fuel types. However, these new technologies bring 
with them additional issues of their own. For example, the potential for noise 
pollution and bird deaths from wind turbine operation (NWCC 2001), the 
depletion of raw materials and consumption of energy and water for their 
production, and the impact that some crop-based bio-fuel production has on 
food availability are all additional issues that must be considered.

Just as for any other product, LCA is an important tool for ensuring that 
these renewable energy technologies provide improved environmental 
performance over the alternatives that they are replacing. Impacts associated 
with manufacturing, construction, operation, maintenance and eventual 
disposal must also be considered, as for any element within the built 
environment, to ensure that the environmental benefi ts of producing 
renewable energy are not offset by the environmental burdens occurring 
throughout the life of these technologies. This section provides case studies 
dealing with two existing renewable energy technologies, namely a residential-
scale photovoltaic system and a large multi-megawatt wind turbine.
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5.3.1 Case study 6: Residential building integrated photovoltaic (PV) 
system

The purpose of this case study is to demonstrate the use of LCA for calculating 
the net energy production of solar photovoltaic (PV) systems and the potential 
greenhouse emissions avoided when compared to traditional coal-fi red 
electricity production.

Scope: The study quantifi es the energy inputs and outputs associated with 
the construction (including all supporting processes) and operation of a 1 kW 
residential-building-integrated PV system over a 25-year period. This system 
consists of 14 x 75 W crystalline silicon (c-Si) modules. The energy output of the 
PV modules was calculated based on the characteristics of the modules and 
climatic data for the location within which they were assumed to be located. 
The energy fi gures were then converted to global warming potential (in 
carbon dioxide equivalents (CO2-e)) per GJ of equivalent coal-fi red electricity 
to estimate the potential greenhouse gas emissions avoided with the use of 
the system.

Impact category: Global warming
Category indicator: Global warming potential (CO2-e)

Functional unit: The functional unit for the assessment was a 1 kW PV system 
operating for 25 years. The embodied energy and total electrical output of 
the system were calculated and the net energy output determined. The net 
energy output was then converted to a quantity of greenhouse gas emissions 
(in GWP or CO2-e) avoided per GJ of energy produced.

The details of the PV system are given in Table 5.29. The system consists of 
the grid-connected building-integrated crystalline silicon (c:Si) solar modules, 
necessary wiring and an inverter. The location of the PV system was assumed 
to be Sydney, Australia (33.9°S 151.2°E). The localized weather conditions, 
particularly the availability of solar radiation, determine the potential 
electrical output of the system.

 Table 5.29 Photovoltaic system characteristics

Photovoltaic system

Total rated power output 1,050 W (14 modules)

Module rated power output 75 W

Module dimensions 530 x 1,188 mm

Module weight 7.5 kg

Module average effi ciency 11.9%

Inverter rated output 1,100 W

Insulated wiring length 20 m

Capacity factor 13.6%
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System boundary: Only the energy inputs associated with the initial production 
(excluding on-going component replacement) and energy produced over the 
life of the PV system were assessed, including energy required for internal 
controls and system losses but excluding energy required for end-of-life 
refurbishment, disposal and possible reuse and recycling of components. All 
energy requirements associated with the actual production process and all 
supporting processes and services upstream of this were included, as per 
Figure 5.16 (such as, but not limited to, transportation and manufacturing of 
materials, and provision of capital equipment).

System 
production Operation

Raw material 
extraction

Material 
manufacture

Energy

Energy

Figure 5.16 Life cycle stages considered for photovoltaic system life cycle assessment
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Figure 5.17  Processes included in process-based system boundary for photovoltaic 
system life cycle assessment
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The building materials displaced as a result of integrating the modules into a 
residential roof were determined and included as an energy and emissions 
credit. The infrastructure associated with grid connection, beyond the 
electricity meter, was excluded. Figure 5.17 shows the individual production 
processes for which process data was obtained.

5.3.1.1 Life cycle inventory of photovoltaic system production and 
operation

PHOTOVOLTAIC SYSTEM PRODUCTION

The material quantities contained within the PV system were determined 
based on an analysis of the individual system components (Table B.11, 
Appendix B). The energy embodied in the modules, wiring and inverter was 
calculated by multiplying the material quantities for these components by the 
hybrid material energy coeffi cients for the relevant materials, which included 
some of the process data collected for the material production processes. 
Additional process data was obtained from a previous study of similar PV 
modules by Alsema et al. (1998). The resultant value represents all process-
based energy requirements for the materials quantifi ed, as well as all energy 
requirements associated with the provision of goods and services upstream of 
and associated with these materials (avoiding the common upstream 
truncation errors associated with a process analysis). Detailed calculations of 
this initial embodied energy fi gure for the PV system are given in Table B.11 
of Appendix B.

Input-output data was then used to fi ll any remaining data gaps (those 
sideways and downstream of the main materials and processes) in accordance 
with the input-output-based hybrid LCI approach outlined in Chapter 4. From 
the energy-based input-output model developed by Lenzen and Lundie 
(2002), the pathways representing the individual materials quantifi ed for the 
PV system (as per Figure 5.17) were identifi ed within the relevant economic 
sector (Other electrical equipment for the PV system) and the sum of their 
total energy requirements (as per Table B.12, Appendix B) subtracted from the 
total energy requirement of the sector (17.689 GJ/A$1,000). The remaining 
fi gure represents any previously excluded energy inputs sideways or 
downstream of the main materials. This value in GJ per A$1,000 of sector 
output was then related to the PV system by multiplying it by the total cost of 
the system to give the remainder value for the PV system (Table 5.30), which 
was then added to the initial embodied energy fi gure calculated in the 
previous step to determine the total embodied energy of the PV system (Table 
5.31). The energy embodied in the displaced roofi ng materials was calculated 
in the same manner (based on the input-output model for the Residential 
building sector) and subtracted from the total embodied energy of the PV 
system.
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 Table 5.30  Calculation of remainder to fi ll sideways and downstream embodied 
energy data gaps for photovoltaic system

Sector Sector TER 
(GJ/A$1000)a

Element Cost (A$)b Sum TER of 
related paths 
(GJ/A$1000)c

Remainder
(GJ/system)

((a−c) x b/1000)

Other electrical 
equipment

Modules (14) 11,970

Inverter 2,097

Wiring 50

17.689 Total system 14,117 5.3889 173.64

Residential 
building

10.633 Displaced 
roofi ng

1,050 0.1198 (11.04)

Total 162.60

c
 From Table B.12.

 Table 5.31 Calculation of initial embodied energy of photovoltaic system

Embodied energy 
(GJ/system)

Process data for quantifi ed PV system materials a 137.51

Input-output data used to fi ll upstream gaps for PV system 
materials b

27.38

Process data for quantifi ed displaced roofi ng materials c 1.95

Input-output data used to fi ll upstream gaps for displaced 
materials d

6.28

Initial embodied energy (a+b) − (c+d) 156.67e

Input-output remainder (to fi ll sideways and downstream 
gaps) (Table 5.30)

162.60f

Total (e+f) 319.27g

Proportion of process data (a/g) 43.1%

PHOTOVOLTAIC SYSTEM NET LIFE CYCLE ELECTRICAL OUTPUT

The annual gross electrical output of the PV system was calculated, based on 
the characteristics and effi ciencies of the PV modules and inverter as well as 
the climatic data for Sydney, Australia. Energy required for internal controls 
and system losses was assumed to be 1 per cent of the gross electrical output. 
The net energy output was determined by subtracting this energy requirement 
from the gross output. The net quantity of energy produced over the 25-year 
period is represented by Equation 5.1 and shown in Table 5.32.
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Table 5.32 Net life cycle energy output of photovoltaic system

Annual gross electrical 
output (MJ)a

Annual system 
losses (MJ)b

Life cycle 
(years)c

Net life cycle energy output 
(MJ/25yrs)((a−b) x c)

4,536 46.8 25 112,230

( ) YEELCE operationoutputoutput �−=  Equation 5.1

Where LCEoutput = net life cycle energy output; Eoutput = annual gross electrical 
output; Eoperation = annual energy required for internal controls and losses; Y = 
expected service-life of PV system in years.

5.3.1.2 Impact assessment – net life cycle greenhouse gas emissions 
avoided

The calculated embodied energy of the PV system was converted to GWP 
impacts using the results from the LCI and the characterization factor of 60 kg 
CO2-e per GJ. To provide an indication of the environmental benefi t due to 
the produced energy output, the potential emissions avoided were calculated 
based on the life cycle output of the PV system, to represent the greenhouse 
gas emissions associated with the production of a similar quantity of energy 
from a coal-fi red power station. The net life cycle energy output (112,230 MJ) 
was converted to primary energy terms using a factor of 3.1 to refl ect the total 
energy required to produce electricity from black coal in Australia. Emissions 
factors for black coal-fi red electricity were then used to convert the energy 
output into emissions terms. GWP factors for the three main greenhouse gases 
(CO2, CH4 and N2O) were then used to convert the emission fi gure into CO2-e 
terms. The net life cycle emissions avoided with the use of the PV system were 
then able to be determined, as in Table 5.33.

 Table 5.33  Net life cycle greenhouse gas emissions of photovoltaic system manufacture 
and operation

Life cycle stage Quantity of 
primary 

energy (GJ)

GHG Emissions 
factor

(kg per GJ)^

GWP* Total emissions 
produced/(avoided)

(t CO2-e)

Embodied energy 319.27 CO2-e 60 19.16

Life cycle energy 
output (25 years)

347.9 CO2 88.2 1 (30.68)

“ CH4 0.03 25 (0.26)

“ N2O 0.2 298 (20.73)

Total net emissions avoided 32.51

Net emissions avoided per GJ produced electricity 0.29

^Source: Department of Climate Change 2008: 202.
*Global Warming Potential, Source: IPCC 2007b: 212.
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The potential avoided greenhouse gas emissions associated with the use of 
the 1 kW PV system in Sydney, Australia is 32.51 t CO2-e over a 25-year period, 
which equates to 0.29 t CO2-e per GJ of electricity produced. The potential 
GWP benefi ts will obviously differ from country to country depending on the 
conventional fuels and processes used for energy production in those countries. 
The emissions associated with the construction of the coal-fi red power station 
have also been excluded, which may provide an underestimation of the 
potential avoided emissions associated with the use of a PV system, particularly 
if being compared to the construction of a new coal-fi red power station.

5.3.1.3 Interpretation – evaluation of results

The LCA of the PV system showed that it may take over 20 years for the energy 
requirements associated with the manufacture of the system to be repaid by 
the energy being produced by it. Analyzing the results, it is clear that the 
greatest impacts associated with the PV system relate to the production of the 
silicon used in the PV modules (see Table B.11, Appendix B). This type of 
analysis is useful as it can be used to direct any environmental improvement 
efforts towards the processes found to be most signifi cant. In this case, this 
may involve improving resource effi ciency of the manufacturing process, 
sourcing alternative materials for solar cell production or changing or 
improving other aspects of the manufacturing processes used.

Assuming potential errors in the LCI data obtained for the production of 
the PV system, the sensitivity of the fi ndings to variations in this data can be 
ascertained. Based on an error range of ±20 and ±50 per cent for the process 
and input-output components of the embodied energy data used, Table 5.34 
shows the possible effect of the data used on the avoided greenhouse gas 
emissions associated with the PV system.

 Table 5.34  Sensitivity analysis for embodied energy data uncertainty on avoided 
emissions for photovoltaic system

Process
data

Input-output 
data

Total emissions 
produced/(avoided)

(t CO2-e)

Original embodied energy GWP, by data 
type (t CO2-e)

8.13 11.02 19.16

Uncertainty (%) ±20 ±50

Embodied energy GWP range (t CO
2
-e) 6.5 – 9.8 5.5 – 16.5 12a – 26.3b

Life cycle avoided emissions from energy output 51.67c

Total net emissions avoided 25.37(c−b) – 39.67(c−a)

Original total net emissions avoided 32.51

Sensitivity (%) 22
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The sensitivity analysis shows that the potential errors associated with the 
data used for the study may have a signifi cant impact on the fi ndings, with a 
sensitivity of 22 per cent. Whilst this may appear to be a considerable point of 
concern, even based on the lowest possible value for the net emissions of the 
PV system, it should still result in the avoidance of around 25 tonnes of 
emissions over a 25-year period.

Of course, as with any LCA study, these fi ndings may also vary depending on 
certain assumptions made and the data used for the analysis. These may 
include variations to the manufacturing technologies used, location of 
production and installation, system effi ciencies, operating conditions, chosen 
system boundaries and the quality and completeness of energy data obtained.

5.3.2 Case study 7: Wind turbine

This case study assesses the energy-related global warming impacts resulting 
from the construction and operation of a single on-shore wind turbine in 
order to demonstrate how strategies for environmental improvement and the 
potential net greenhouse gas emissions benefi t of the turbine can be 
identifi ed.

Scope: The study quantifi es the energy inputs associated with the 
construction, component replacement (including all supporting processes) 
and operation of the turbine over a 20-year period. Energy use has been 
converted to primary energy terms to account for the impacts associated with 
its production. The energy output of the turbine during this time has also 
been calculated based on the characteristics of the turbine itself and climatic 
data for the location within which it was assumed to be located. These energy 
fi gures were then converted to global warming potential (in carbon dioxide 
equivalents (CO

2
-e)) per GJ of equivalent coal-fi red electricity to estimate the 

potential greenhouse emissions avoided with the use of the turbine.

Impact category: Global warming
Category indicator: Global warming potential (CO

2
-e)

Functional unit: A single 3.0 MW horizontal axis, three-blade wind turbine 
was assessed over a lifetime of 20 years. The details for the wind turbine are 
shown in Table 5.35. The turbine consists of the base, tower, rotor (hub and 
blades) and nacelle (containing the gearbox, generator, brakes and other 
electrical components) (Figure 5.18) and is located on the south-west coast of 
Victoria, Australia.

System boundary: Only the energy inputs associated with the construction 
(initial and on-going component replacement) and operation stages of the 
wind turbine were assessed, excluding energy required for end-of-life 
refurbishment, demolition and possible reuse and recycling of components. 
All energy requirements associated with the actual construction process and 
all supporting processes and services upstream of this were included as per 
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Figure 5.19, as well as the energy required for operating the turbines (for 
internal controls and day-to-day maintenance). The access roads, transformers 
and components associated with grid connection were excluded.

 Table 5.35 Wind turbine characteristics

Wind turbine

Total rated power output 3,000 kW

Capacity factor 33%

Cut-in wind speed 4 m/s

Cut-out wind speed 25 m/s

Hub height 80 m

Blade length / rotor diameter 44 m / 90 m

Figure 5.18 Wind turbine components
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Figure 5.19 Life cycle stages considered for wind turbine life cycle assessment
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Figure 5.20  Processes included in process-based system boundary for wind turbine life 
cycle assessment
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Figure 5.20 shows the individual production processes for which process data 
for the wind turbine construction was obtained.

5.3.2.1 Life cycle inventory of wind turbine construction and 
operation

WIND TURBINE CONSTRUCTION

The material quantities contained within the turbine were determined based 
on an analysis of the individual turbine components (Table B.13, Appendix B). 
The energy embodied in the wind turbine was calculated by multiplying these 
material quantities by the hybrid material energy coeffi cients for the relevant 
materials, which included the process data collected for the material 
production processes. The resultant value represents all process-based energy 
requirements for the materials quantifi ed, as well as all energy requirements 
associated with the provision of goods and services upstream of these materials 
(using input-output data to avoid the common upstream truncation errors 
associated with process analysis). Detailed calculations of this initial embodied 
energy fi gure for the turbine are given in Table B.13 of Appendix B.

As per the input-output-based hybrid LCI approach, any remaining data 
gaps (those sideways and downstream of the main materials) were then fi lled 
with input-output data. From the energy-based input-output model developed 
by Lenzen and Lundie (2002), the pathways representing the individual 
materials quantifi ed for the wind turbine were identifi ed (Table B.14, 
Appendix B) and their total energy requirements subtracted from the total 
energy requirement of the relevant economic sector. As the construction of 
the turbine involved a number of components coming from different industries 
(for example, the base from the Other construction sector and the tower from 
the Structural metal products sector), the sum of the total energy requirements 
of the pathways representing the materials for each of these components was 
subtracted from the total energy requirement of the appropriate sector (as 
listed in the fi rst column of Table B.14, Appendix B). The remaining pathways 
(those not subtracted from the total energy requirement) for each of these 
sectors completes the system boundary for any previously excluded inputs 
sideways or downstream of the main materials. These values were converted 
to energy terms by multiplying them by the cost of each component and 
summed to give the remainder value for the wind turbine (Table 5.36). This 
remainder was then added to the initial embodied energy fi gure calculated in 
the previous step to determine the total embodied energy of the turbine 
(Table 5.37).
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 Table 5.36  Calculation of remainder to fi ll sideways and downstream embodied 
energy data gaps for wind turbine

Sector Sector TER 
(GJ/A$1000)a

Element Cost 
(A$’000)b

Sum TER of 
related paths 
(GJ/A$1000)c

Remainder 
(GJ/turbine)

((a−c) x b/1000)

Other construction 9.98 Base 396.9 1.653 3,305

Structural metal products 18.16 Tower 705.6 7.372 7,612

Other machinery and 
equipment

15.06 Nacelle 2,730 6.324 23,858

Plastic products 21.66 Blades 1,091 10.750 11,915

Fabricated metal 
products

17.66 Hub 326 5.658 3,917

Total 50,607
c
 From Table B.14.

Note: Figures may not sum due to rounding.

 Table 5.37 Calculation of initial embodied energy of wind turbine

Embodied energy 
(GJ/turbine)

Process data for quantifi ed wind turbine materials a 18,716

Input-output data used to fi ll upstream gaps for wind turbine 
materials b

15,041

Initial embodied energy (a+b) 33,757c

Input-output remainder (to fi ll sideways and downstream 
gaps) (Table 5.36)

50,607d

Total (c+d) 84,364e

Proportion of process data (a/e) 22%

WIND TURBINE COMPONENT REPLACEMENT

The energy associated with the replacement of parts during the expected 
20-year lifetime of the turbine was assumed to be equivalent to the 
replacement of half of the gearbox over the service-life (based on Vestas Wind 
Systems 2006). Gear oil and grease were also assumed to be replaced at 
fi ve-year intervals (at year 5, 10 and 15). The initial embodied energy for these 
components was calculated based on 50 per cent of the embodied energy for 
the gearbox and three times the energy embodied in the oil. The remainder 
was then calculated to account for the sideways and downstream data gaps 
based on half of the price of the gearbox and the total energy requirement 
for the Other machinery and equipment sector. These fi gures were then 
summed to give the total recurrent embodied energy requirement for the 
wind turbine (Table 5.38).
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 Table 5.38 Calculation of recurrent embodied energy of wind turbine

Embodied energy 
(GJ/turbine)

Initial energy embodied in gearbox a 2,276

Recurrent embodied energy of parts replacement (50% of a) b 1,138

Replacement of oil and grease (three no.) c 69.3

Recurrent embodied energy (b+c) 1,207.3d

Input-output data for replacement parts:

Total energy requirement* 6,975e

Inputs covering process data 240.3f

Input-output remainder (to fi ll sideways and downstream gaps) (e−f) 6,735g

Total (d+g) 7,942

*Based on half of the price of the gearbox (A$463,050) and the TER of the Other machinery and 
equipment sector (15.06 GJ/A$1,000).

WIND TURBINE NET LIFE CYCLE ELECTRICAL OUTPUT

The annual gross electrical output of the wind turbine was calculated, based 
on the characteristic power curve and hourly wind data for the chosen 
location. A capacity factor of 33 per cent was assumed, accounting for the 
effi ciency of the turbine as a proportion of its rated output. Energy required 
for internal controls, day-to-day maintenance and system losses was assumed 
to be 10 per cent of the gross electrical output. The net energy output was 
determined by subtracting this energy requirement from the gross output. 
The net quantity of energy produced over the 20-year period is represented 
by Equation 5.2 and shown in Table 5.39.

( ) YEELCE operationoutputoutput �−=  Equation 5.2

Where LCEoutput = net life cycle energy output; Eoutput = annual gross electrical 
output; Eoperation = annual energy required for internal controls, maintenance 
and losses; Y = expected service-life of turbine in years.

Table 5.39 Net life cycle energy output of wind turbine

Annual gross electrical 
output (GJ)a

Annual system 
losses (GJ)b

Life cycle 
(years)c

Net life cycle energy output 
(GJ/20yrs)((a−b) x c)

118,494 11,849 20 2,132,900



 

Case studies 161

5.3.2.2 Impact assessment – net life cycle greenhouse gas emissions 
avoided

It is important that renewable energy systems provide a net environmental 
benefi t compared to conventional energy production systems (such as coal, 
nuclear or gas-fi red power plants). Net GWP benefi ts can be determined by 
subtracting the GWP impacts (associated with embodied energy and operation) 
from the GWP benefi ts (attributable to the emissions-free electricity output of 
the turbine). The embodied energy requirements associated with the 
construction and on-going component replacement of the wind turbine were 
converted to GWP impacts using the results from the LCI and the characterization 
factor of 60 kg CO

2
-e per GJ of energy. To provide an indication of the 

environmental benefi t due to the produced electrical output, the potential 
emissions avoided were calculated based on the life cycle output of the wind 
turbine, to represent the greenhouse emissions associated with the production 
of a similar quantity of energy from a coal-fi red power station. The net life 
cycle energy output fi gure (2,132,900 GJ) was converted to primary energy 
terms using a factor of 3.4 to refl ect the total energy required to produce 
electricity from brown coal in Victoria, Australia. Emissions factors for brown 
coal-fi red electricity were then used to convert the electrical output into 
emissions terms. GWP factors for the three main greenhouse gases (CO

2
, CH

4
 

and N
2
O) were then used to convert the emission fi gure into CO

2
-e terms. The 

net life cycle emissions avoided with the use of the wind turbine were then 
able to be determined, as in Table 5.40.

The potential avoided greenhouse gas emissions associated with the use of 
the wind turbine were found to be 1,532,944 t CO

2
-e over a 20-year period, 

which equates to 0.719 t CO
2
-e per GJ of electricity produced. The potential 

GWP benefi ts will obviously differ from country to country depending on the 

 Table 5.40  Net life cycle greenhouse gas emissions of wind turbine construction and 
operation

Life cycle stage Quantity of 
primary energy 

(GJ)

GHG Emissions 
factor

(kg per GJ)^

GWP* Total emissions 
produced/(avoided)

(t CO
2
-e)

Embodied energy 92,306 CO
2
-e 60 5,538

Life cycle energy 
output (20 years)

7,251,860 CO
2

92.7 1 (672,247)

“ CH
4

0.01 25 (1,813)

“ N
2
O 0.4 298 (864,422)

Total net emissions avoided 1,532,944

Net emissions avoided per GJ produced electricity 0.719

^Source: Department of Climate Change 2008: 202.
*Global Warming Potential, Source: IPCC 2007b: 212.
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conventional fuels and processes used for energy production in those countries. 
The emissions associated with the construction of the coal-fi red power station 
have also been excluded, which may provide an underestimation of the 
potential avoided emissions associated with the use of a wind turbine, 
particularly if being compared to the construction of a new coal-fi red power 
station. Of course, as with any LCA study, these fi ndings may also vary depending 
on certain assumptions made and the data used for the analysis. These may 
include variations to the manufacturing technologies used, location of 
production and installation, system effi ciencies, operating conditions, chosen 
system boundaries and the quality and completeness of energy data obtained.

5.3.2.3 Interpretation – evaluation of results

This case study shows that a single 3.0 MW wind turbine can make a signifi cant 
contribution towards reducing the greenhouse gas emissions associated with 
electricity production. Assuming that the electricity requirements associated 
with operating a typical house result in the production of 12 tonnes of 
greenhouse gas emissions on an annual basis, this single wind turbine is 
capable of offsetting the emissions associated with over 6,300 households. It 
is also important to note that whilst the initial energy requirements associated 
with the construction of the turbine may be considered to result in a negative 
impact on the environment (especially if the manufacturing processes use 
fossil-fuel-based energy), they are recovered by the produced electrical output 
of the turbine in slightly less than a year. Although reductions in embodied 
energy may provide additional benefi t, this shows that excessive time spent 
on this area may not provide signifi cant benefi ts, and must be balanced 
against a range of other factors such as the cost, durability and maintenance 
of the turbines.

Assuming potential variations in the characterization factor used to convert 
the embodied energy consumption to GWP terms, the sensitivity of the 
fi ndings to variations in this fi gure can be ascertained. Based on a possible 
variation of +33.3 per cent for this characterization factor, Table 5.41 shows 
the possible effect of this variability on the net life cycle avoided greenhouse 
gas emissions associated with the wind turbine.

 Table 5.41  Sensitivity analysis on GWP characterization factor for calculating 
embodied energy-related emissions of wind turbine

Original Variation Difference

Characterization factor (kg CO
2
-e/GJ) 60 80 +20

Embodied energy GWP (t CO
2
-e) a 5,538 7,384 +1,846

Life cycle avoided emissions from energy output b 1,538,482 1,538,482

Total net emissions avoided (b−a) 1,532,944 1,531,098 −1,846

Sensitivity (%) 0.12
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The sensitivity analysis shows that variations to the characterization factor 
used for converting the embodied energy of the wind turbine to GWP may 
have very little infl uence on the overall outcomes of the analysis, with a 
sensitivity of only 0.12 per cent.

The previous two case studies on renewable energy technologies have 
demonstrated how LCA can be used to assess whether these technologies will 
actually provide a net environmental benefi t, including the consideration of 
the resources required for their manufacture and on-going maintenance. 
Whilst these case studies have been streamlined in this instance to focus on 
only energy-related impacts (which is warranted, as the primary purpose of 
these systems is to reduce the greenhouse gas emissions associated with 
energy production and use), the benefi ts that these technologies provide in 
reducing fossil fuel depletion should also not be overlooked. Other impacts 
associated with the raw materials and manufacturing processes used for these 
technologies would also be considered when conducting a more comprehensive 
LCA study, covering a broader range of environmental parameters (including 
pollutant releases and natural resource depletion).

5.4 Summary

This chapter has provided a number of case studies across some of the various 
elements of the built environment to demonstrate the application of LCA in 
the built environment context. The fi ndings from these studies provide useful 
information to help decision makers make more informed environmental 
choices to improve the environmental performance of the built environment.

The impact that some of the limitations of the LCA approach can have on 
assessing environmental performance has been demonstrated. The fi nal 
chapter places the information that has been obtained from these and other 
LCA studies in a broader environmental improvement context. It addresses 
what can and should be done by the various stakeholders involved in the built 
environment to minimize environmental impacts and shows how LCA is just 
one tool that can be used to assist in achieving this goal.



 

6 Opportunities for reducing the 
environmental impact of the built 
environment

Ultimately, our goal must be to avoid all negative impacts on the natural 
environment that result from our activities, including those resulting from the 
design, construction and operation of the built environment. Only then can we 
hope to avoid further environmental pollution and depletion of non-renewable 
resources and reverse the environmental degradation that has already occurred. 
LCA is an essential tool for identifying the impacts that are occurring or may 
occur and for informing better decisions that go as close as possible to avoiding 
any negative impacts on the environment. The previous chapter demonstrated 
the type of information that an LCA can provide to better inform environmental 
decision making. LCA can go a long way towards supporting decision-making 
processes but it does not suggest the preferred way forward. Professional 
judgement and knowledge is still an essential element for making the best 
environmental decisions in particular geographic and operational contexts.

Knowledge gained from previous LCA studies helps to light the pathway 
towards improved environmental performance in the built environment. 
There is a range of simple and often easily employed strategies that will almost 
always lead to a reduction in the environmental impacts of the built 
environment. This chapter briefl y discusses what some of the key stakeholders 
in the built environment – such as designers, owners and occupants – can and 
should be doing to minimize these impacts. Where the environmental benefi ts 
are not as obvious, it is essential that LCA is used to better understand the 
long-term implications of choosing particular alternative materials or 
components or changing to alternative practices or processes related to 
resource extraction, material processing and construction.

Governments also have a key role to play and can use a range of policy and 
educational strategies to lead environmental improvement efforts. However, 
care must be exercised as some of these may have adverse economic and social 
impacts and therefore must be carefully balanced with broader societal desires 
to maintain or improve current standards of living. The implications for 
industry and broader society of some of the possible strategies that may be 
employed by governments to reduce environmental impacts are also presented 
in this chapter. Finally, opportunities and needs for further research are 
discussed, particularly in terms of the future development of LCA and its 
integration into industry.
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6.1 Reducing environmental impacts of the built environment

In order to reduce or avoid impacts on the natural environment associated 
with the construction, use and eventual demolition and disposal of buildings 
and other elements within the built environment, it is fi rst necessary to 
quantify what these impacts are, where they occur and how signifi cant they 
might be.

Current knowledge of many of the potential impacts and how they can be 
managed is growing. There is a range of simple and often cost-effective 
strategies that are increasingly being employed to minimize the impact of 
both existing and new built environment assets. For existing buildings these 
often relate to maintaining the structural and servicing elements of buildings 
and other infrastructure to minimize the need for substantial component 
replacement (and thus additional resource, energy and water consumption 
and waste production). Other strategies include improving the operational 
effi ciency of buildings and advocating behavioural change to reduce 
operational environmental impacts from energy and water consumption and 
waste production of building occupants. Even greater benefi ts are possible for 
new buildings by designing them to maximize operational energy and water 
effi ciencies, by using durable materials to maximize their service-life and by 
using renewable or recycled materials to reduce the impacts associated with 
demand for non-renewable virgin materials. However, despite these current 
efforts, this knowledge does not yet provide a thorough understanding of the 
myriad of different environmental impacts occurring across the life cycle of a 
built environment asset. This is particularly the case for the indirect impacts, 
mainly due to the diffi culties associated with their identifi cation and 
subsequent quantifi cation. Only with this thorough understanding can the 
environmental performance of the built environment be optimized in a 
manner that results in a truly sustainable outcome. How far we are along the 
pathway towards zero long-term human impacts on the environment can 
then be better understood.

LCA is one of the best tools available for achieving this and for providing a 
more complete view of the environmental impacts that may result from 
particular resource extraction, manufacturing, construction and demolition 
processes and practices. LCA can be useful to a certain point as it provides 
information that supports decision-making processes. However, it does not 
provide defi nitive answers and care should always be taken when interpreting 
and using the fi ndings of any LCA study as even minor variations in the 
assumptions, data or weightings used can change the study outcomes, as has 
been demonstrated earlier in Chapter 5. An LCA can provide information on 
the signifi cance and type of impacts, which can then be used to compare 
alternatives and make decisions where there are competing choices or target 
and prioritize environmental improvement or management strategies to 
particular processes or life cycle stages. An LCA should also be part of any 
decision-making process due to the range of possible design options that may 
provide solutions to environmental issues. The direct and indirect impacts of 
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any decision can then be balanced in order to choose the best option from a 
life cycle environmental perspective.

Despite the signifi cant benefi ts that an LCA study offers, expert or 
professional judgement and understanding of the product system under 
analysis is still essential for interpreting the fi ndings and implementing 
appropriate environmental management or improvement strategies. 
Essentially, this means that it is up to those involved in the design and 
management of built environment assets (designers, developers, facility 
managers and owners) to make the correct decisions, based on the best 
available information and their previous experience.

6.1.1 Barriers to optimizing environmental outcomes

Existing research has shown that those involved in the design and construction 
of the built environment (designers, builders, engineers and consultants) 
consider environmental improvement important amongst the issues facing 
the industry (Jackson et al. 2010). However, numerous barriers still exist that 
often work against those willing to lead the necessary shift from traditional to 
more sustainable approaches to the construction and operation of the built 
environment. Developers of built assets are often reluctant to shift away from 
the tried and tested approaches for procuring their projects. This is often due 
to the perceived risks that they envisage might ensue from taking a more 
environmentally conscious approach. These can include the risks of reduced 
fi nancial return due to a lack of information on the potential life cycle costs 
and environmental benefi ts over the long term, as well as hidden costs and 
split incentives (Sorrell et al. 2004).

6.1.1.1 Market demands and split incentives

Non-owner developers, designers and even tenants are often downstream in 
the supply chain that is the driver for new building and infrastructure projects. 
Each of these stakeholders can be constrained in their efforts to improve the 
environmental performance of the built environment by what the market 
demands. Ultimately decisions are made by those that hold the greatest 
fi nancial stake in a project: namely the owner or investor. Their decisions will 
be driven by their own needs and desires or those of the market to which they 
will be selling the project. Market demand is slowly shifting (more so in some 
countries than in others) to environmentally preferred alternatives for housing 
and other building types. However, markets in the developed world particularly 
still tend to act on their perceived right or ability to build larger houses and 
buildings over any desires they may have to reduce their environmental 
impact.

Also, developers that dispose of a project shortly after construction have 
little impetus for spending more upfront when they are unlikely to benefi t 
from long-term fi nancial savings. For example, while the developer may pay 
the capital cost of incorporating many operational effi ciency measures, this 
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may not result in increased profi ts, as many of the operational savings will 
accrue to owners or tenants by way of reduced operating or occupancy costs 
(WBCSD 2007; Myers et al. 2008). This split incentive may change as the market 
develops a greater appreciation for the many benefi ts that more resource 
effi cient buildings and infrastructure systems can offer.

6.1.1.2 Accessibility to consistent environmental data

As is the case with the application of LCA, a lack of accessible, consistent 
environmental data can be a major barrier to implementing environmental 
best practice in built environment projects. Where environmental performance 
information is available, it is often sourced from disparate sources. This makes 
comparisons of alternative solutions unreliable and risky as this data is often 
compiled using different assessment approaches, system boundaries and can 
cover a variety of environmental parameters and life cycle stages. Despite the 
best intentions, the most intelligent resolutions and designs will not be 
reached if they are based on unreliable or incomplete data.

6.1.1.3 Lack of regulation

Current government regulation in many countries focuses on setting minimum 
environmental performance standards rather than encouraging maximum 
environmental performance. For example, Australia has the 5 Star standard 
(Building Commission 2008) which requires all new housing to be designed 
within maximum heating and cooling energy loads per square metre of fl oor 
area. There is no penalty for building larger houses or incentive for building 
smaller houses that would also help to limit the resources embodied in those 
houses. In many cases like this, as there is often no regulatory-driven incentive 
to maximize the environmental performance of buildings beyond this 
minimum threshold many designers and owners will aim to only just comply 
with maximum energy load requirements rather than strive to optimize the 
building design to achieve the lowest energy loads possible.

Other than attempting to address some of the above mentioned real and 
perceived barriers that currently act as impediments to creating a more 
environmentally conscious built environment, there are also a number of 
other things that the numerous stakeholders in the built environment can do 
to support this cause.

6.1.2 What can designers do?

Designers of built environment assets have a professional responsibility to 
meet their clients’ needs but also provide them with reliable and timely 
information. They must also respond to pressing social and environmental 
issues which are often beyond traditional client expectations and desires. With 
our growing understanding of how the built environment impacts the natural 
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environment, this must also extend to leading and implementing environmental 
best practice in everything they do. These professional responsibilities 
increasingly must also extend to educating clients so that the desire for 
environmental improvement is intrinsic to the way in which broader society 
also operates.

‘We need a new environmental consciousness on a global basis. To do this, 
we need to educate people.’

Mikhail Gorbachev (n.d.)

6.1.2.1 Education and training

To facilitate this leadership role, designers must have more than just a basic 
understanding of the principles and issues associated with environmental 
design and improvement. They must continually strive to educate themselves 
so that they can provide the best possible service and advice to their clients 
and maximize the environmental performance of their own processes as well 
as their clients’ projects. Designers’ actions are of particular importance as 
their decisions can have long-term consequences on the environment. Most of 
the impacts occurring across the life cycle of the built environment are locked 
in during the design stage and due to the extended service-life of built 
environment assets they can persist for many decades.

There are numerous avenues through which designers can reduce the 
environmental impacts of built environment projects. However, many of these 
cannot be done without closely working with clients, who will have their own 
needs, desires and expectations for the project. Some clients will be happy to 
leave most of the decisions up to the designer; however, just as many will 
want a say in the materials that are used, the size of the project and some of 
the operational characteristics (such as a desire for tightly controlled internal 
building temperatures that can usually only be met by energy-intensive HVAC 
systems). Unless the client and designer are both engaged equally in optimizing 
the environmental performance of the project, then the project will ultimately 
fail to achieve the best environmental outcomes. Currently this tends to 
happen frequently as design solutions that contribute to improving 
environmental performance are often the fi rst to be excluded when budget 
constraints begin to appear.

One of the biggest challenges can be convincing a client to take a more 
environmentally conscious approach to a project. This can be particularly 
diffi cult with a client that is unaware of the many long-term benefi ts of doing 
so or is initially unwilling due to misconceptions, a risk-adverse attitude or a 
lack of understanding of the benefi ts that it will eventually provide. Usually a 
project will end up as a compromise between a designer’s ambitious goals and 
a client’s willingness to take this approach, but this process can be made much 
easier when a client is fully engaged.
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6.1.2.2 Maximize resource effi ciency

Other than educating and working with clients to achieve the best possible 
environmental outcomes, the focus of environmental improvement for 
designers must be on minimizing non-renewable resource consumption and 
maximizing the value of those resources that are (in new built assets) and 
have already been (in existing built assets) used. Designers of built environment 
assets have a key and highly infl uential role to play in achieving this.

Designs for new buildings and other built assets should be rationalized as 
much as possible to avoid excessive or unnecessary resource consumption. This 
involves reducing building size as much as practicable, improving planning 
and circulation effi ciencies and eliminating those details and elements that 
are not considered absolutely essential for functional, safety, regulatory or 
design reasons. This can sometimes pose a diffi cult dilemma for designers as it 
works against traditional market demands for large buildings and the typical 
basis on which they earn their income. Designers should strive to specify 
materials that have the lowest life cycle environmental impacts. This is where 
LCA is of greatest benefi t and an essential component of improving the 
environmental performance of built assets. A thorough understanding of the 
full impacts associated with the use of a particular material is necessary in 
order to ensure the best environmental outcomes are being achieved.

Design for durability is important; however, there also needs to be a 
consideration of the likely time-in-service so that materials with greater 
embodied resources are not chosen to maximize durability well beyond the 
time for which they are going to be used. In this situation, a material with a 
lower embodied resource requirement might be just as suitable. For example, 
the specifi cation of carpet for a retail tenancy should factor in that this carpet 
is most likely to be replaced not due to wear but more so due to changing 
trends or new tenants well before the anticipated life expectancy of a highly 
durable commercial grade carpet. This is one situation where designers must 
also seriously consider changing the way things are currently done to minimize 
wastage and maximize resource value.

6.1.2.3 Understand the broad range of potential impacts

Whilst the specifi cation of materials that are reused or recycled can usually 
help to reduce impacts compared to the alternative solution of using virgin 
materials, designers should understand that the use of these materials 
will  also  result in a range of environmental impacts. Reusing materials can 
reduce the impacts associated with the depletion of fi nite resources; however 
they often require additional resources (e.g. energy and water) to prepare 
them for their new use or to reprocess them into new materials. For example, 
recycling glass requires around 75 per cent of the energy needed to produce 
glass from virgin materials as most of the energy is used in the melting of the 
glass. In contrast, to recycle aluminium only 5 per cent of the energy needed 
to produce aluminium from virgin raw material is required (The EarthWorks 
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Group 1990). There is also a chance that these materials may be less durable 
than new materials and thus need replacing on a more frequent basis. This 
can erode some of the potential benefi ts from the use of recovered materials.

It should now be clearly evident that the specifi cation of materials that 
have minimal environmental impacts can be an extremely complex process. 
How can designers be expected to know what the best choices may be without 
signifi cant support and the detailed information needed to make these 
decisions? It is no wonder that the best choices are not always made even 
despite the other competing factors (such as cost and client desires) that play 
a part in this process. In light of this, designers must strive to seek advice and 
assistance (through education, experts and environmental consultants) to 
better inform their design decisions and improve the environmental 
performance of their projects.

6.1.2.4 Optimize opportunities through design

Designers can not only have a signifi cant infl uence on the impacts associated 
with a building’s construction and operation but can also infl uence many of 
the longer-term impacts of a building. By designing buildings for adaptive 
reuse, where they can be modifi ed in order to prolong their useful life beyond 
what might have otherwise been possible under their initial use, the life of 
buildings can be extended and the value of the resources used in the materials 
can be maximized.

Designers can also help to facilitate the reuse and/or recycling of materials 
when buildings need to be demolished or refurbished. By designing buildings 
for ease of disassembly, they can greatly encourage and maximize the 
opportunities for materials to be recovered at the end of a building’s life 
rather than being sent to landfi ll. This could include consideration of the way 
in which connections between materials are made (such as screwing or bolting 
rather than gluing or nailing) or selection of construction methods that allow 
for the easy separation of materials.

Whilst designers have a major say in many of the impacts that a built asset 
will have over its life, through the materials and systems that are specifi ed, the 
owners and occupants also have a considerable say in the extent to which 
some of these impacts occur. These relate mostly to the impacts associated 
with the energy and water consumed and waste produced during an asset’s 
operation or use, which can be particularly signifi cant for buildings.

6.1.3 What can owners and occupants do?

The owners and occupants of a built asset can take numerous forms (developer, 
investor, purchaser and tenant) and, depending on their association with an 
asset, they can have varying levels of infl uence over, and interest in, its life 
cycle environmental impacts. For example, whilst tenants can often infl uence 
the broader construction industry by demanding only buildings that meet 
certain minimum environmental standards, they are often restricted or have 
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little incentive to make signifi cant physical changes to buildings to improve 
their performance (such as installing fi xed shading devices, insulation and 
more effi cient fi xed heating and cooling systems).

Also, developers and owners that intend to sell or lease out a built asset 
shortly after construction often lack an incentive to invest in improving their 
environmental performance. This is beginning to change now that many 
tenants are demanding minimum environmental standards in the buildings 
they lease. For example, the Australian Government has set minimum energy 
performance standards for new, refurbished or newly leased government-
occupied buildings over 2,000 m2 (Australian Greenhouse Offi ce 2007: 19).

Owners that choose to occupy a building (owner-occupiers) or maintain 
ownership of an asset tend to have a greater incentive to implement strategies 
that will improve its environmental performance. This is particularly the case 
where they will personally benefi t from direct and potentially long-term cost 
savings from reduced energy and water consumption or from investing 
extra in maintenance to prolong the life of the asset and reduce the frequency 
of any major or costly repairs. In order to maximize the opportunities 
for improving the environmental performance of built assets, owners should 
aim to:

• choose designers (for new assets or upgrades to existing assets) that have 
respected environmental standards, credentials, knowledge and intentions, 
that may be evidenced through previous work

• demand the best possible environmental outcomes when new assets are 
being built or existing ones upgraded

• take a life cycle view to fi nancing, developing and/or owning built assets
• facilitate cultural change within an organization or behavioural change 

amongst occupants
• monitor performance and look to continually improve operations.

Maintaining assets to prolong their life can also be an important approach to 
minimizing environmental impacts. Whilst regular maintenance can be seen 
as a signifi cant upfront cost impost, taking a life cycle view in this regard is 
also important. Regular maintenance more often than not will prolong the 
life of an asset, extending the time until replacement or major improvements 
are needed. This can help to maximize the value of resources and diminish the 
need for the replacement or major refurbishment of a building or infrastructure 
system and the additional impacts that come with this.

The responsibility for designing and operating buildings and other built 
assets in a more environmentally conscious manner does not lie solely with 
designers and occupants, however. The other stakeholders in the built 
environment also have a signifi cant role to play. Other than the infl uence that 
industry and society can have, governments can also have a considerable 
impact on encouraging a more environmentally responsive approach to the 
design and operation of the built environment.
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6.1.4 What can governments do?

Governments have certain powers that other stakeholders in the built 
environment do not. They have the ability to infl uence (or even control) 
market demands and expectations. With this power, governments can choose 
to implement policies to achieve improvements to existing environmental 
standards. Governments have a range of means by which they can encourage 
or enforce better environmental standards and achieve substantial reductions 
in environmental impacts. These include:

• regulating minimum environmental performance
• establishing resource (energy/water/waste) effi ciency and disposal standards
• providing training and education to existing and future built environment 

professionals, consumers and industry
• funding research into and promoting the development of innovative 

materials, construction practices, environmental data and assessment tools
• providing incentives, including fi nancial incentives (direct and indirect)
• providing penalties for poor environmental performance or environmental 

damage and to encourage improvement.

6.1.4.1 Incentives

Direct incentives can help to encourage or reward the uptake of environmentally 
preferred solutions, strategies and technologies by providing a cash rebate, 
subsidy or grant to offset any cost premiums that may otherwise restrict their 
broader uptake. There is also a range of factors that can indirectly encourage 
the uptake of environmentally preferred approaches to built asset design, 
construction and operation. For example, increasing energy and water prices, 
waste disposal charges and resource costs have already been shown to 
encourage greater resource conservation and better environmental practice.

6.1.4.2 Penalties as incentives

Penalizing poor environmental performance – such as ineffi cient resource 
consumption – through fees or taxes is another approach that can be used in 
an attempt to encourage environmental improvement. However this is only 
likely to work on a widespread basis where the penalties outweigh the risks 
and costs associated with changing current practice. This has the effect of 
indirectly creating an incentive to reduce consumption, especially where 
fi nancial benefi ts are likely. This approach is most likely to lead to greater 
environmental improvement than providing direct incentives. Consumption 
penalties such as a carbon tax that directly affects all or many sectors of an 
economy should lead to a greater number of organizations implementing 
processes and strategies in an attempt to minimize potentially higher 
operating costs and barriers, so that they can stay competitive in an increasingly 
environmentally conscious society.
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A balance between providing incentives and penalties to encourage greater 
uptake of more environmentally preferred practices is more than likely to be 
the best option. Revenue collected from a fi nancial-based penalty system can 
then be used to fund large-scale environmental programmes, including 
providing incentives in the form of rebates and grants.

6.1.4.3 Implications of a penalty-based system for improving the 
environmental performance of the built environment

Despite the environmental benefi ts that a penalty on poor environmental 
performance, such as a carbon tax, should provide, there may be a range of 
subsequent consequences on the construction industry and others that must 
be balanced against these environmental benefi ts. One of the most obvious of 
these is the ramifi cation of an increase in construction costs on society, 
including housing affordability, and the viability of the construction industry, 
which represents a signifi cant proportion of GDP in many countries of the 
world.

As an example of the potential implications of a carbon tax on the cost of 
building construction, the carbon dioxide emissions associated with the 
residential building case study used in Chapter 4 have been used. The total 
emissions associated with the building’s construction are 239.6 t CO2-e. At a 
carbon tax rate of A$40 per tonne of CO2, this equates to an additional 
A$9,584 on top of the initial construction cost. This represents a 4.8 per cent 
cost increase based on the approximate construction cost for the house 
(A$200,005). This may appear a small increase in the cost of construction, but 
considering the housing affordability issues that are already being faced by 
many people, especially in the larger cities of the world, this will only further 
exacerbate these problems. An increase in the cost of construction will 
inevitably be passed on to developers and purchasers, affecting the 
affordability of housing, particularly for the most vulnerable. This, together 
with the typical higher costs associated with improving housing environmental 
performance, may in turn reduce demand for construction unless existing 
affordability issues are better addressed or we fi nd low-cost solutions to 
improve housing environmental performance.

6.2 Where to from here?

When it comes to reducing the environmental impacts of the built environment, 
to a large extent we are stuck with many of the poor decisions of the past, 
those that gave little thought to resource effi ciency and depletion, human 
health, wastage and environmental degradation. Many of the existing 
buildings in many cities of the world were designed in a way that does not 
respond to their surrounding environment and consequently has resulted in 
great demand for (often fossil-fuel-based) energy to operate artifi cial heating, 
cooling and lighting systems and other services. Replacing all of the 
poor-performing existing buildings and infrastructure systems that form the 
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built environment is not an option, not just from a logistical point of view but 
also from the point of view that we should be maximizing the value of the 
resources embodied in these assets. In some individual cases, demolition may 
be an option where for various reasons (safety, functional, economic, 
technological or social) it is not feasible to use these assets any longer, or 
where the continuing impacts associated with maintenance and operation far 
outweigh the resource value embodied in that asset and the impacts associated 
with its replacement.

Whilst signifi cant inroads have been made, particularly over the past 
decade, in reducing some of the (particularly operational) impacts of the built 
environment, many of the benefi ts achieved have been offset by rapid growth 
in construction resulting from increasing global urbanization. This growth is 
not expected to abate in the near future either, as it is being further enhanced 
by a growing global population and rising standards of living. So, where does 
this leave us? It means, despite a rapidly expanding global population, we 
(individuals, designers, developers, owners, occupiers and governments) must 
strive to do everything possible to reduce the environmental impact of existing 
built environment assets (maximizing their intrinsic resource value and 
improving their operational effi ciency), as well as procuring new buildings 
(where they are necessary) that have a minimal environmental impact across 
their entire life cycle. These are the fundamental principles that must drive 
our future built environment and may at fi rst appear rather simple in nature; 
however the previous chapters have shown just how complex adhering to 
these principles can and will actually be. New materials will need to be 
developed that are renewable or infi nitely recyclable; reliable renewable 
energy systems will be needed to replace current fossil-fuel-based systems; 
new production processes and systems will need to be developed to 
signifi cantly improve resource effi ciency; and a change in current attitudes 
and behaviours will also be essential to support and drive the substantial 
transformation needed.

Environmental improvement must also be balanced with the other important 
priorities of society: maintaining or improving current standards of living; 
providing employment, shelter and food; and giving people the freedom to 
prosper. We must remember though that none of this will be possible or 
necessary without a planet that is capable of sustaining human life and so the 
protection of the environment must surely be our number one priority.

6.2.1 Implications of the limitations of current assessment techniques 
for achieving optimal outcomes in the built environment

Whilst environmental assessment tools are a necessary means for identifying 
potential environmental impacts and improving current environmental 
performance across the built environment, the signifi cant limitations of many 
of these current tools and approaches may severely limit our ability to achieve 
these ambitious goals. The issues associated with access to environmental data 
and the time and money needed to thoroughly address the imperative 
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environmental issues constrain built environment professionals in 
understanding the true and full environmental implications of their choices 
and making the most environmentally preferred decisions. The international 
LCA community has a key role to play in improving LCA methodologies and 
the application of LCA within the built environment, including building 
awareness amongst and educating those involved in the built environment 
and improving access to reliable and comprehensive LCA data and tools.

Building regulations must address broad environmental issues and not only 
focus on just limited aspects of a building’s environmental performance, such 
as their energy consumption related to their thermal performance. They must 
encourage and enforce the minimization of broader life cycle impacts, 
particularly those indirect impacts attributable to the resources needed to 
build our buildings, roads, bridges and infrastructure networks. There must 
also be incentives for those involved in designing, constructing and managing 
the built environment to strive for minimal environmental impact and go 
beyond minimum compliance or hurdle requirements that are often seen as 
more of a barrier or impediment to traditional design practices. A more 
holistic and considered approach to the design and management of the built 
environment must be encouraged.

Also, an additional question still remains, that environmental assessment in 
itself is unable to answer; is a particular option or solution actually sustainable? 
An environmental assessment may show the extent of the environmental 
impacts associated with a product or process or which option results in the 
lowest environmental impacts, but environmental assessment does not show 
whether any of the options considered are actually sustainable. A deeper 
understanding of rates of consumption and regeneration, the Earth’s capacity 
to recover from environmental damage and the mechanisms by which the 
natural systems of the Earth operates is necessary in order to determine whether 
certain processes or activities are ultimately sustainable in the long term.

6.2.2 Future development of life cycle assessment

It was shown in Chapter 5 that even though the best intentions may exist for 
reducing environmental impacts, limitations and errors associated with 
assumptions, together with data completeness, accuracy and relevance and 
assessment approaches can sometimes work against these intentions, in ways 
that are often unknown to the decision makers. This is particularly the case 
with LCA, but despite this it is still currently the best method of quantifying 
environmental impacts and essential for reducing the impacts occurring across 
the entire life cycle of any product. In order to alleviate some of these issues, 
the possible inaccuracies and limitations of LCA studies must be reduced as 
much as possible. This could be done by:

• collecting and regularly up-dating process data covering a broader range 
of producers, manufacturers and industries
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• using a common approach for assessing indirect environmental impacts to 
better facilitate more reliable and useful comparisons between alternative 
materials, products and processes

• developing comparable environmental data using a standard methodology 
covering the complete system boundary and all inputs and outputs 
associated with any product or process

• simplifying the assessment process, without affecting the accuracy or 
relevance of the fi ndings, to minimize costs and time needed for conducting 
an LCA.

6.2.3 Integration of life cycle assessment into industry

For optimal environmental outcomes to be achieved, the knowledge and tools 
necessary for environmental assessment and improvement must be fully 
integrated into the practices of the industries and organizations responsible 
for designing, constructing and operating the built environment. This may, 
and most likely will, involve changes to the current practices of these industries 
and organizations, away from many of the practices (and their resource-
intensive nature) that are responsible for the current environmental situation, 
to those that refl ect more responsible and more effi cient resource consumption 
and closer monitoring and management of long-term environmental impacts.

Early-stage environmental assessment is essential to maximize the 
opportunities for environmental improvement and minimize the costs and 
other challenges of realizing these opportunities. Tools that are developed for 
use by industry must provide the most comprehensive and reliable information 
to help support decision making at the earliest stage of the decision-making 
process (whether these decisions relate to the design or improvement of 
processes, products or even whole buildings). In addition, these tools must not 
impose signifi cant additional costs or time on the design or improvement 
processes. Design professionals are already submerged in a vast and complex 
range of regulatory and professional responsibilities and no matter how much 
of an essential aspect of the design process environmental considerations 
must be, they do pose an even greater demand on professionals’ limited time 
and resources. For this reason, access to and the use of trained practitioners 
and consultants is essential. Architects, building designers and managers 
should work with LCA professionals to assess the environmental impacts of 
possible design solutions to gain the information they need to realize the full 
potential of environmental improvement opportunities whilst minimizing any 
further unwanted imposts on the design process.

Further awareness of the benefi ts that LCA can provide to industry and 
individual organizations must also be developed. The LCA community 
(including practitioners and academics) must play a key role in this process to 
ensure that the widespread uptake of LCA within the industries responsible 
for the design, construction and operation of the built environment is 
achieved. Without an awareness of the signifi cant benefi ts that the use of LCA 
can provide (for example, reputational, fi nancial, risk minimization, 



 

Reducing built environment impacts 177

environmental etc.), how can these organizations be expected to take on 
board this additional responsibility?

6.3 Conclusion

In order to achieve the ambitious environmental goals needed to avert further 
degradation of the planet, all of the stakeholders in the built environment 
must work together. It is unrealistic, and unlikely to lead to the necessary and 
essential environmental outcomes, to expect any one stakeholder to take full 
responsibility for the considerable challenges with which we are currently 
faced.

Industry, including the manufacturers of building materials and components, 
must improve current manufacturing practices to reduce resource consumption 
and the production of waste and other pollutants. They must look for 
alternative, more environmentally friendly ways of operating and even 
develop new materials that have a lower environmental impact. Those 
companies that better meet the increasing environmental expectations and 
desires of clients will also benefi t fi nancially by taking a leading role in the 
move towards a more environmentally conscious built environment. Many 
companies are now beginning to see the benefi ts of marketing more 
environmentally friendly materials and products to a client base that is 
increasingly demanding them.

Designers must better educate themselves in order to make the most 
reliable and informed environmental design decisions, ensuring that they 
provide clients with the best possible environmental outcomes within their 
projects. They must specify materials and systems and design buildings to 
maximize resource effi ciencies over the long term. Where uncertainty still 
exists, designers should seek advice and assistance to better understand the 
full environmental consequences of their decisions.

Clients of built asset projects must demand best-practice environmental 
practices and outcomes for their projects. This is particularly crucial as client 
involvement, demands and expectations can have a signifi cant infl uence over 
the way in which industry operates. After all, it is clients’ money that keeps 
many of these organizations in business.

Governments must put in place policies that help to improve and encourage 
better environmental approaches to the design and management of the built 
environment. This may come in various forms, through building regulations, 
environmental controls and standards or fi nancial incentives. They must also 
play a key role in educating consumers, manufacturers, designers and 
developers on how each of these stakeholders can achieve improved 
environmental outcomes in their everyday decision making. Also, as with any 
newly developing fi eld, further research is an essential element for the 
progression of environmental change. Funding schemes to explore, test and 
develop new technologies, materials and processes must be established by 
governments to encourage the development of innovative solutions to key 
environmental problems.
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Each stakeholder group must also have leaders that continually strive to 
improve best-practice environmental performance, demonstrating what is 
possible and how this might be achieved. Through this leadership, other 
organizations will follow in order to maintain market share in an increasingly 
competitive marketplace, where environmental concerns of consumers are 
becoming an increasingly important factor in their purchasing decisions.

Whether it is climate change – the pollution of the air we breathe, the 
water we drink or the land we rely on for growing our food – or the depletion 
of non-renewable resources, the urgency to minimize the impacts of human 
activity on the environment is only becoming more critical as the world’s 
population expands and standards of living increase. No longer can we hope 
that someone else will provide the solution: we must all act now by striving to 
improve the environmental performance of everything we do. This book has 
shown how the LCA tool is an essential component of the solution towards a 
more sustainable world, how it can be used to improve the environmental 
performance of the built environment and what we must do now to achieve 
these ambitious goals. But using LCA is only one small part of the solution. We 
must all act on our desire and responsibility to afford future generations the 
same or better standards of living than what we enjoy today without 
destroying the very resources on which human survival relies.
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Table A.2 Embodied energy and water material coeffi cients

Material Unit Embodied energy 
coeffi cient
(GJ/unit)

Embodied water 
coeffi cient
(kL/unit)

Aluminium

 virgin t 252.6 1084.4

 refl ective foil m2 0.137 0.588

Asphalt m3 3.08

Bitumen m3 48.39 11.86

Carpet

 wool m2 0.741 2.18

 nylon m2 0.683 1.58

Ceramics

 clay bricks (110 mm) m2 0.56 0.672

 ceramic tiles m2 0.293 1.12

 terracotta roof tiles (20 mm) m2 0.986 1.52

Concrete

 5 MPa concrete m3 2.79 7.48

 15 MPa concrete m3 4.03 10.13

 20 MPa concrete m3 4.44 10.98

 25 MPa concrete m3 5.01 11.80

 30 MPa concrete m3 5.44 12.29

 32 MPa concrete m3 5.81 13.10

 40 MPa concrete m3 6.75 14.62

 aerated concrete (200 mm) m2 0.495 1.64

 cement t 16.96 29.91

 concrete block, hollow (200 mm) m2 0.805 2.67

 concrete roof tile (20 mm) m2 0.251 0.909

 fi bre cement sheet (4.5 mm) m2 0.235 0.745

 fi bre cement sheet (6 mm) m2 0.288 0.883

 mortar m3 2.00 10.55

 precast m3 4.44 10.98

Glass

 clear fl oat glass (4 mm) m2 1.73 3.42
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Material Unit Embodied energy 
coeffi cient
(GJ/unit)

Embodied water 
coeffi cient
(kL/unit)

 glass fi bre m3 432.1 855.3

 toughened glass (6 mm) m2 3.66 8.24

 toughened glass (12 mm) m2 7.31 16.49

Insulation

  expanded polystyrene insulation 
(50 mm)

m2 0.361 0.734

 fi breglass insulation (80 mm) m2 0.183 0.376

 fi breglass insulation (100 mm) m2 0.217 0.429

 fi breglass insulation (160 mm) m2 0.348 0.687

Paint

 oil-based paint m2 0.101 0.219

 water-based paint m2 0.096 0.212

Plasterboard

 plasterboard (10 mm) m2 0.207 0.627

 plasterboard (13 mm) m2 0.232 0.682

Plastics

 general (PVC) t 156.9 366.4

 laminate (1 mm) m2 0.200 0.476

 plastic membrane (1 mm) m2 0.514 1.40

 polyester t 156.9 366.4

 polystyrene m3 7.04 14.16

 PVC water pipe (20 mm) m 0.212 0.452

 UPVC pipe 100 m 0.266 0.568

 UPVC pipe 100 (slotted) m 0.208 0.443

 vinyl fl ooring (2 mm) m2 0.661 1.72

Sand and stone

 granite t 0.087

 sand m3 0.617 3.57

 screenings m3 0.691 4.43

Steel

 COLORBOND® steel decking m2 0.933 1.34
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Material Unit Embodied energy 
coeffi cient
(GJ/unit)

Embodied water 
coeffi cient
(kL/unit)

 reinforcement t 85.46 98.64

 stainless steel t 445.2 649.6

 steel t 85.46 98.64

 steel decking m2 0.796 1.12

Timber

 hardwood m3 21.33 16.28

 MDF/particleboard m3 30.35 85.59

 softwood m3 10.93 20.14

Oil m3 34

Other metals

 Copper t 378.9 1188.4

Note: These energy and water coeffi cients were compiled by Treloar and Crawford (2010) based on 
an energy and water-based input-output model developed by Prof. Manfred Lenzen at the 
University of Sydney and Australian process data compiled by Grant (2002).
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Appendix B

Table B.1 Initial embodied energy calculation of concrete-framed building

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Footings 40 MPa concrete m3 9,527 6.75 64,279

Steel reinforcement t 755 85.46 64,525

Beams 30 MPa concrete m3 8,915 5.44 48,524

Steel reinforcement t 850 85.46 72,644

Columns 40 MPa concrete m3 1,820 6.75 12,280

Steel reinforcement t 292 85.46 24,955

Floor slabs 30 MPa concrete m3 9,276 5.44 50,489

Steel reinforcement t 587 85.46 50,167

Shear walls 30 MPa concrete m3 8,795 5.44 47,871

Steel reinforcement t 697 85.46 59,568

Staircase 30 MPa concrete m3 163 5.44 887

Steel reinforcement t 13 85.46 1,111

Roof slab 30 MPa concrete m3 410 5.44 2,232

Steel reinforcement t 32 85.46 2,735

Façade Clear fl oat glass 
(4 mm)

m2 126,250 1.73 218,160

Aluminium framing t 15 252.6 3,789

Total initial embodied energy 724,215
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Table B.2 Initial embodied energy calculation of steel-framed building

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Footings 40 MPa concrete m3 9,527 6.75 64,279

Steel reinforcement t 755 85.46 64,525

Beams Steel, structural t 3,722 85.46 318,093

Columns Steel, structural t 2,083 85.46 178,019

Floor slabs 30 MPa concrete m3 10,106 5.44 55,007

Steel reinforcement t 640 85.46 54,696

Shear walls 30 MPa concrete m3 8,795 5.44 47,871

Steel reinforcement t 697 85.46 59,568

Staircase 30 MPa concrete m3 163 5.44 887

Steel reinforcement t 13 85.46 1,111

Roof slab 30 MPa concrete m3 241 5.44 1,312

Steel reinforcement t 15 85.46 1,282

Steel, structural 
(beams)

t 74 85.46 6,324

Façade Clear fl oat glass 
(4 mm)

m2 126,250 1.73 218,160

Aluminium framing t 15 252.6 3,789

Total initial embodied energy 1,074,923
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 Table B.5  Input-output pathways of Residential building sector representing 
quantifi ed materials for brick veneer assembly

Element Input-output pathway (materials covered) TER
(GJ/A$1000)

External cladding Ceramic products (clay bricks) 1.094

Cement, lime and concrete slurry (mortar) 0.899

Wall ties Iron and steel → Fabricated metal products (wall ties) 0.096

Insulation Basic non-ferrous metal and products (aluminium 
refl ective foil)

0 .026

Other non-metallic mineral products (fi breglass 
insulation)

0.349

Framing Sawmill products (softwood timber) 0.272

Internal lining Plaster and other concrete products (plasterboard) 0.336

Internal fi nish Paints (water-based paint) 0.101

Total 3.173

TER = Total energy requirement. Note: Iron and steel  Fabricated metal products represents a 
demand for goods or services (and thus energy) from the Iron and steel sector by the Fabricated 
metal products sector (i.e. the steel used to make wall ties).

 Table B.6  Input-output pathways of Residential building sector representing 
quantifi ed materials for timber weatherboard assembly

Element Input-output pathway (materials covered) TER
(GJ/A$1000)

External cladding and 
framing

Sawmill products (hardwood and softwood 
timber)

0.272

Insulation Basic non-ferrous metal and products 
(aluminium refl ective foil)

0.026

Other non-metallic mineral products 
(fi breglass insulation)

0.349

Internal lining Plaster and other concrete products 
(plasterboard)

0.336

Internal and external fi nish Paints (water-based paint) 0.101

Total 1.084

TER = Total energy requirement.
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Table B.7 Initial embodied energy calculation of CRC road construction

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Base 32 MPa concrete m3 1.33 5.81 7.72

Steel reinforcement t 0.133 85.46 11.37

Sub-base 5 MPa concrete m3 1.38 2.79 3.84

Shoulders 32 MPa concrete m3 0.76 5.81 4.41

Total initial embodied energy 27.34

Table B.8 Initial embodied energy calculation of FDA road construction

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Base Asphalt m3 2.97 3.08 9.14

Sub-base Stabilized earth m3 1.65 2.79 4.60

Total initial embodied energy 13.74

Table B.9 Initial embodied energy calculation of DSA road construction

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Base Asphalt m3 2.22 3.08 6.83

Sub-base Compacted earth assumed to be zero

Total initial embodied energy 6.83

Table B.10 Initial embodied energy calculation of DSAB road construction

Element Material Unit Quantity Embodied 
energy 

coeffi cient 
(GJ/unit)

Embodied 
energy (GJ)

Base Asphalt m3 1.65 3.08 5.08

Sub-base Stabilized earth m3 2.2 2.79 6.14

Total initial embodied energy 11.22
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Glossary

Category indicator reference unit for an impact category

Characterization factor a factor that is used to convert a life cycle inventory 
analysis result to the defi ned reference unit for a 
particular impact category

Cleaner production the monitoring and improvement of industrial 
production processes, including changes in 
organizational practices and technologies to produce 
fewer pollutants and less waste and consume fewer 
non-renewable resources

Delivered energy the quantity of energy consumed at the point of use, 
excluding the energy or fuels consumed to produce it 
(compare to primary energy)

Direct energy requirement the energy required directly by a process or activity, 
per unit of product output

Direct requirements coeffi cient the value of outputs required directly from one 
economic sector by another economic sector to 
produce a certain quantity of output

Downstream truncation the exclusion of inputs or outputs for a product system 
lower in the supply chain than a particular product-, 
process- or activity-related input or output

Eco-label a labelling system for consumer products used to 
indicate that they have been designed to minimize 
negative environmental impacts

Embodied energy the energy required by all of the activities associated 
with a production process and the share of energy 
used in making equipment and other supporting 
functions (i.e. direct and indirect)

Flyash a by-product of the coal combustion process

Functional unit a reference unit for the performance of a product or 
process

Greenwash a term used to describe the act of misleading the 
public regarding the environmental practices of a 
company or the environmental benefi ts of a product 
or service

Hybrid analysis a life cycle inventory analysis technique for 
quantifying inputs and outputs of a product, process 
or activity that combines the use of process- and 
input-output analysis



 

222 Glossary

Impact category an approach for organizing environmental impacts 
into which life cycle inventory analysis results may be 
grouped or assigned

Indirect energy the energy required by a process or activity upstream 
of the main process for the production or supply of 
supporting goods and services

Input-output analysis a life cycle inventory analysis technique for 
quantifying inputs and outputs of a product, process 
or activity, based on economic input-output tables

Input-output-based hybrid a life cycle inventory analysis technique for
analysis quantifying inputs and outputs of a product, process 

or activity, based on an input-output analysis 
framework integrated with data from a process 
analysis

Inputs the resources required by a process (e.g. energy or raw 
materials)

Life cycle the stages through which something (e.g. a product or 
a building) passes during its life (usually from raw 
material acquisition to fi nal disposal)

Life cycle assessment a tool for measuring the environmental impacts 
associated with a product, process or activity over its 
life cycle from raw material acquisition through to 
production, use and disposal

Life cycle impact assessment the third phase of a life cycle assessment, which 
involves the evaluation of the magnitude and 
signifi cance of potential environmental impacts of a 
product, process or activity across its life cycle, based 
on the fi ndings from a life cycle inventory analysis

Life cycle interpretation the fi nal phase of a life cycle assessment, which 
involves evaluating the fi ndings from a life cycle 
inventory analysis and impact assessment so that 
conclusions and recommendations can be made

Life cycle inventory analysis the second phase of a life cycle assessment, which 
involves quantifying the inputs to and outputs from a 
product across its life cycle

Life cycle study a study that uses life cycle assessment to quantify the 
environmental impacts of a product or process across 
its entire life cycle

Outputs the waste, emissions, materials and products produced 
by a process

Pathway a collection or fl ow of inputs or outputs to a product 
system an infi nite number of stages upstream of, and 
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related to, a particular lower order process in an 
input-output model

Primary energy the energy contained within a primary energy source 
(e.g. coal, oil or natural gas) that has not been 
processed or converted (compare to delivered energy)

Process analysis a life cycle inventory analysis technique for 
quantifying inputs and outputs of a product, process 
or activity by breaking it down into its constituent 
parts and tracing the resource requirements and 
outputs through the supply chain

Process-based hybrid analysis a life cycle inventory analysis technique for 
quantifying inputs and outputs of a product, process 
or activity, based on a process analysis framework with 
input-output analysis used to fi ll upstream data gaps

Product system a collection of processes that perform one or more 
defi ned functions

Remainder those input-output model pathways for which process 
data has not been substituted, used to fi ll the data 
gaps in a process analysis

Sensitivity analysis a study of the effects of variations in the inputs or 
parameters of a mathematical model on its output

Sideways truncation the exclusion of inputs or outputs for a product system 
at the same level in the supply chain as a particular 
product-, process- or activity-related input or output

Sustainable capable of being maintained without long-term 
negative effects (e.g. on the environment)

Sustainable development ‘development that meets the needs of the present 
without compromising the ability of future 
generations to meet their own needs’ (Brundtland 
Commission 1987)

System boundary defi nes the processes included within a product system

Total energy requirement the total energy required by a process, per unit of 
product

Total requirements coeffi cient the value of outputs required directly and indirectly 
from one economic sector by another economic sector 
to produce a certain quantity of output

Truncation error the error attributable to the exclusion of processes 
associated with a product system

Uncertainty analysis used to assess how the level of uncertainty associated 
with the particular data or assumptions used within a 
life cycle assessment affects the reliability of the 
assessment results 
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Upstream truncation the exclusion of inputs or outputs for a product system 
higher in the supply chain than a particular product-, 
process- or activity-related input or output

A number of these defi nitions have been adapted from International Standard 14040 
(2006) Environmental management – life cycle assessment – principles and framework, 
Second edition 1 July 2006, Geneva: International Organization for Standardization 
(ISO).



 

Notes

1 Figure designed by Philippe Rekacewicz (UNEP/GRID-Arendal) based on information 
from Okanagan University College, Department of Geography, Canada; University 
of Oxford, School of Geography; United States Environmental Protection Agency 
(EPA), Washington; IPCC (1996) Climate change 1995: the science of climate change. 
Contribution of working group I to the second assessment report of the 
Intergovernmental Panel on Climate Change, UNEP and WMO (World Meteorological 
Organization), Cambridge, United Kingdom: Cambridge University Press.

2 Whilst the exclusion of a number of life cycle stages in this example is for the 
purpose of simplifying the assessment, any exclusions in an LCA should typically be 
well justifi ed and must not signifi cantly change the study fi ndings.

3 Sector names are based on those within the Australian Input-Output Product 
Classifi cation (IOPC) (Australian Bureau of Statistics (2001b) Australian National 
Accounts, Input-Output Tables (Product Details), 1996–97, ABS Cat. No. 5215.0, 
Canberra, Australia: Australian Bureau of Statistics.). The categorization of goods 
and services differs between countries, as do the names of specifi c sectors.

4 This value represents the total energy requirement of the Australian Residential 
building sector (based on Australian Bureau of Statistics (ABS) (2001c) Energy and 
Greenhouse Gas Emissions Accounts, Australia: 1992–93 to 1997–98, ABS Cat. No. 
4604.0, Canberra: Australian Bureau of Statistics; and Australian Bureau of Statistics 
(ABS) (2001a) Australian National Accounts, Input-Output Tables, 1996–97, ABS Cat. 
No. 5209.0, Canberra, Australia: Australian Bureau of Statistics).
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mining 87–8; Residential building 
85–8

selecting a building structural system 
– steel or reinforced concrete 
(case study 1): functional unit 
116–17; interpretation and 
evaluation of LCI results 121–2; 
LCI of 119–20; system boundaries 
117–18

sensitivity analysis of life cycle 
inventory results 103–5

signifi cant issue identifi cation 59
simulation tools for environmental 

assessment 35
solid waste: minimization strategy 

28–9
split incentives: effect on 

environmental outcomes 166–7
Stage One processes: contributing 

most energy to RBS 85, 86; energy 
inputs to RBS in 85, 86

stages of built environment life cycle 
see life cycle stages

standards for environmental 
management (ISO 14000 series)
34

steel structural system: selection for 
building 116–22

steel-framed building: initial 
embodied energy calculation
201

strategic planning: use of LCA in 62
streamlined life cycle assessment 

approach 42, 77
sustainability: LCA unable to 

demonstrate 175
sustainable design see 

environmental design
system boundary: inputs and outputs 

for 44–5; residential building case 
study 80; sideways truncation of 
92–3; steel and concrete building 
117–18

temperature variations: effect on 
Earth’s processes 4, 5

tiered hybrid life cycle inventory 
analysis 53
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timber weatherboard construction 
assembly 130; input-output 
pathways of RBS 213

time constraints on life cycle 
assessment 69–70

tools for environmental assessment 
35; limitations of 174–5

total energy coeffi cients for concrete 
production 90

total energy requirement (TER) 51; 
of industry sectors 52, 85–8; for 
materials in residential building 
case study 198–9; for residential 
building construction 88–9

total requirements coeffi cient 50–2
total requirements coeffi cient matrix 

49–50
transport infrastructure case studies 

138–47; railway sleepers 138–43; 
road construction 144–7

truncation errors 49; in building 
construction system boundary 53

truncation of system boundary 
sideways 92–3

upstream processes: diffi culties in 
obtaining process data 85

waste: disposal and storage 10–11; 
from construction and demolition 
11–13; from operation stage 19; 
in maintenance and repair stage 

20; minimisation strategy 28–9; 
produced during construction 18

waste materials: credits for 
recyclability or reuse potential 
97–8

waste recovery: rates of 12
water: main pollutants in Australia 

(2006-7) 7
water usage: during construction 18; 

during operation of built 
environment 19; in manufacture 
of construction components 
17–18; in raw materials extraction 
16

weighting of LCI results 57
wind turbine (case study 7): 

characteristics and components 
156; embodied energy 
calculations 159, 160; functional 
unit 155; initial embodied energy 
calculation 217–18; input-output 
pathways for 219–20; 
interpretation – evaluation 162–3; 
LCI of component replacement 
159–60; LCI of construction and 
operation 158–9; LCI of net life 
cycle electrical output 160; life 
cycle stages 157; net greenhouse 
gas emissions avoided 161–2; 
processes 157–8; system boundary 
155–8
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