Michael Z. Hauschild
Ralph K. Rosenbaum
Stig Irving Olsen
Editors

N Life Cycle
Assessment

Theory and Practice

@ Springer



Life Cycle Assessment



Michael Z. Hauschild - Ralph K. Rosenbaum

Stig Irving Olsen
Editors

Life Cycle Assessment

Theory and Practice

@ Springer



Editors

Michael Z. Hauschild

Department of Management Engineering
Technical University of Denmark
Kongens Lyngby

Denmark

Stig Irving Olsen

Department of Management Engineering
Technical University of Denmark
Kongens Lyngby

Denmark

Ralph K. Rosenbaum

IRSTEA, UMR ITAP, ELSA Research
group and ELSA-PACT

Environmental and Social Sustainability
Assessment

Montpellier

France

ISBN 978-3-319-56474-6
DOI 10.1007/978-3-319-56475-3

ISBN 978-3-319-56475-3  (eBook)

Library of Congress Control Number: 2017946049

© Springer International Publishing AG 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Preface

It is an old observation that ‘What gets measured gets managed’, and that what is
not measured or measurable runs the risk of being neglected. It is therefore
important that we have tools for assessing the sustainability of our choices when we
develop the technologies and systems that shall help us determine and meet the
needs of the present generations in a way that does not compromise the ability of
our descendants to meet their needs in the future.

As you will learn from this book, we must take a life cycle perspective when we
want to assess the sustainability of the solutions that lie in front of us. You will be
presented with many examples of problem shifting where solutions that improve or
solve a targeted problem unintentionally create other problems of environmental,
economic or social nature somewhere else in the systems of processes and stake-
holders affected by our choice. If we do not consider the totality of these systems in
our analysis, we will fail to notice these unwanted consequences of our decision and
we will not be able to take them into consideration. We also have to consider a
broad range of potential impacts in our assessment, in fact all those is that the
system can contribute to and that we consider relevant in the context of our
decision-situation.

Life Cycle Assessment, LCA, offers this totality—it analyses the whole life
cycle of the system or product that is the object of the study and it covers a broad
range of impacts for which it attempts to perform a quantitative assessment. The
focus of LCA has mainly been on the environmental impacts although both social
and economic impacts can be included as well. It is an important assessment tool as
demonstrated by the central role that it has been given in the environmental reg-
ulation in many parts of the world and certified by its ISO standardization and the
strong increase in its use over the last decades by companies from all trades and all
over the world.

Engineers and scientists who develop decision support, or make decisions where
sustainability is a concern, should understand the need to view the solutions in a life
cycle perspective and to consider possible trade-offs between environmental
impacts and between the three sustainability dimensions. Designers and engineers
who design and develop products and technical systems should be able to critically
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read and evaluate life cycle assessment information about the alternatives that they
are considering, and the environmental sustainability specialists among them should
also be able to perform the LCA studies.

Why this Book?

It is the purpose of this book to offer the reader the theory and practice of LCA in
one volume comprising:

e A textbook, explaining the LCA methodology and the theory behind it in a
pedagogical way with a meaningful balance between depth and accessibility

e A cookbook offering recipes with concrete actions needed to perform an LCA

e A repository of information about experience with the use and adaptation of
LCA and LCA-based approaches within policy-making, decision support and
life cycle engineering and management, and a collection of chapters presenting
results and methodological challenges from the use of LCA in some of the
central technological application areas of LCA

Focus is on environmental impacts but life cycle sustainability assessment is
considered through introductory chapters on social LCA and on life cycle costing.

Who is the Target Audience?

The book was written to support the LCA learning of

e University students, from undergraduate to Ph.D. level

e Researchers and (university) teachers

e Professionals looking to get started on LCA and quantitative (environmental)
sustainability assessment

e LCA practitioners looking to deepen their knowledge of specific aspects of LCA
methodology (e.g. uncertainty management) and LCA practice in specific areas
(e.g. electro-mobility, buildings, biomaterials, etc.) and looking for relevant
literature for further reading.

The structure of the book with separate and comprehensive parts on LCA
methodology (theory), LCA cookbook (own practice) and LCA applications
(practice of others) allows it to cater to the needs of this rather broad group of
potential users.



Preface vii

Who Wrote the Book?

A total of 68 authors contributed to the writing of this book (see short presentations
of contributors at the end of each chapter). The core team consisted of researchers
from the division for Quantitative Sustainability Assessment at the Department of
Management Engineering at the Technical University of Denmark, where the three
editors have or have had their employment (Ralph Rosenbaum now is an Industrial
Chair for Environmental and Social Sustainability Assessment at the French
National Research Institute of Science and Technology for Environment and
Agriculture (Irstea) in Montpellier, France). Other contributions were solicited from
leading experts within each field from the rest of the world, in particular for dis-
cussion of the different applications of LCA.

Who made it Possible?

A book like this requires much work apart from the writing of the text before your
eyes, and it had never reached your hands without the indispensable contributions
from staff of the division for Quantitative Sustainability Assessment at the
Department of Management Engineering at the Technical University of Denmark.

We also wish to thank all contributing authors for their timely and fine contri-
butions, their constructive collaboration and not least their patience with a pro-
duction process that lasted far beyond what was planned when we started.

We hope that this book will find a broad audience worldwide and strengthen the
assessment of sustainability in the future, because what gets measured gets
managed...

Kongens Lyngby, Denmark Michael Z. Hauschild
Montpellier, France Ralph K. Rosenbaum
Kongens Lyngby, Denmark Stig Irving Olsen
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Chapter 1
About This Book

Michael Z. Hauschild, Ralph K. Rosenbaum and Stig Irving Olsen

Abstract To reach the UN sustainable development goal, there is a need for
comprehensive and robust tools to help decision-making identify the solutions that
best support sustainable development. The decisions must have a system per-
spective, consider the life cycle, and all relevant impacts caused by the solution.
Life Cycle Assessment (LCA) is a tool that has these characteristics and the
ambition with this book is to offer a comprehensive and up-to-date introduction to
the tool and its underlying methodological considerations and potential applica-
tions. The book consists of five parts. The first part introduces LCA. The second
part is a text book aiming at university students from undergraduate to PhD level,
and professionals from industry and within policy making. It follows ISO
14040/14044 structure, draws upon a variety of LCA methods published over the
years, especially the ILCD, and offers prescriptions and recommendations for all the
most important methodological choices that you meet when performing an LCA.
The third part introduces applications of LCA and life cycle thinking by policy- and
decision-makers in government and industry. The fourth part is a Cookbook
guiding you through the concrete actions to undertake when performing an LCA.
The fifth part contains some appendices. The book can be used as a text book, the
chapter can be read as stand alone, and you can use the Cookbook as a manual on
how to perform an LCA.

M.Z. Hauschild (IX)) - S.I. Olsen

Division for Quantitative Sustainability Assessment, Department of Management
Engineering, Technical University of Denmark, Kongens Lyngby, Denmark
e-mail: mzha@dtu.dk

R.K. Rosenbaum
IRSTEA, UMR ITAP, ELSA Research Group and ELSA-PACT—Industrial Chair for
Environmental and Social Sustainability Assessment, Montpellier, France

© Springer International Publishing AG 2018 3
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1.1 Introduction

Our generation is facing daunting challenges of a changing climate and an overall
increasing pressure on the environment, challenges that are under the influence of
human-made activities. Reflecting on these environmental conditions and their
relationship to social and economic challenges that we face, a sustainable devel-
opment was coined in 1987 by UN’s World Commission for Environment and
Development as a development that “... meets the needs of the present generations
without compromising the ability of future generations to meet their own needs”
(UN WCED 1987). In 2015 the 193 member states of the United Nations adopted
17 goals to ‘end poverty, protect the planet, and ensure prosperity for all as part of a
new sustainable development agenda’ by 2030, setting targets for the way in which
the present generations can meet their needs (UN 2017). To meet the goals and
targets, sustainability must gain strong prominence in decision support for pro-
fessionals who are responsible for creating solutions for the future, but also for
everybody else who, in today’s global economy, is both a stakeholder and a
decision-maker with a role to play concerning sustainability as a consumer, as
member of a local community, or as a voter. Each individual needs answers and
information based on comprehensive and robust tools to help them decide what best
supports a sustainable development, from small- to large-scale decisions. To avoid
the often seen problem shifting where solutions to a problem creates several new
and often ignored problems, these decisions must take a systems perspective. They
must consider what in this book is referred to as the life cycle of the solution, and
they need to consider all the relevant impacts caused by the solution. Life Cycle
Assessment (LCA) is a tool that has these characteristics, and there is a strong and
growing need for professionals who understand or even master this tool and who
know how to critically appraise and use the information that it provides. It is our
ambition with this book to offer a comprehensive and up-to-date introduction to the
tool and its underlying methodological considerations and potential applications.

1.2 Structure of This Book

The book consists of five parts.

The first part sets the scene. First, if you are a newcomer to LCA, you get a
short introduction to important characteristics of LCA and some of its strengths and
weaknesses, illustrated through a collection of questions that LCA can—or cannot
be used for answering. This short introduction is followed by a presentation of the
history of LCA from its early beginnings half a century ago to today, with a focus
on methodological developments, growth in number and variety of applications and
international harmonization and consensus building. Finally, LCA is positioned in
the context of sustainability and its use as a tool for quantitative sustainability
assessment is discussed.
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The second part is a textbook aiming at university students from undergraduate
to PhD level, and professionals from industry and within policy making who need a
thorough and pedagogical introduction to LCA methodology. The textbook has
been developed based on a cumulated experience from more than three decades
with teaching LCA to engineering students at undergraduate and master level
courses at Technical University of Denmark and Polytechnique Montréal, Canada,
and it is intended to provide a complete curriculum for such courses.

The structure of the introduction to the LCA methodology follows the ISO
framework (as presented and elaborated in the ISO 14040 and ISO 14044 standards
(ISO 20064, b)), and we have strived to keep the use of technical terms in accor-
dance with the ISO terminology. When it comes to the methodological details, the
ISO standards refrain from prescriptions or recommendations for many of the
detailed decisions and choices that must be made by a practitioner who wants to
perform an LCA. Here, we have sought inspiration in LCA methods published over
the years, including the EDIP method (Wenzel et al. 1997; Hauschild and Wenzel
1998), the Ecoinvent methodologies (Weidema et al. 2013), the Consequential LCA
(Ekvall and Weidema 2004), as well as more recent projects within the UNEP/
SETAC Life Cycle Initiative and the development of the IMPACT World+ (http://
www.impactworldplus.org), the LC-Impact (http://www.lc-impact.eu), or the ILCD
life cycle impact assessment methods (Hauschild et al. 2013), and not least in the
detailed guidance offered by the General guide for Life Cycle Assessment, the
‘ILCD Handbook’ that was elaborated by the European Commission to serve as the
methodological backbone of its International Reference Life Cycle Data System
(EC-JRC 2010). The ILCD Handbook was developed through a broad international
consultation process with LCA experts, stakeholders and the public from all over
the world with the ambition to minimize ambiguity in LCA studies and provide
governments and businesses with a basis for assuring quality and consistency of life
cycle data, methods and assessments (EC-JRC 2010; Pennington et al. 2010; Sala
et al. 2012). Building on methodological elements from previously published LCA
methods, it offers prescriptions and recommendations for all the most important
methodological choices that you meet when performing an LCA. We use the ILCD
method as a solidly founded, well documented, and detailed reference methodology
that is in full accordance with the ISO standards and details methodology
descriptions far beyond them.

This part of the textbook offers separate chapters on each phase of the LCA
methodology and additional chapters on life cycle costing and social life cycle
assessment as well as chapters on central methodological aspects like uncertainty
management and sensitivity analysis, and use of input—output analysis in LCA.

The third part of the book offers a collection of chapters introducing applica-
tions of LCA and life cycle thinking by policy- and decision-makers in government
and industry, written by authors who are experts in the field of their chapter. They
start out with policy applications around the world and organizational LCA, then
move on to industrial applications, life cycle management, ecodesign, environ-
mental labels and declarations, and the Cradle to cradle concept. The focus then
moves on to the application of LCA to different technological areas like energy
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systems, buildings, food and waste management. Eleven chapters present, within
each their technological area, the main types of findings from published LCA
studies, identifying methodological considerations that are particularly relevant and
highlighting potential pitfalls when performing or using LCA studies within that
area.

The fourth part consists of a Cookbook which takes you through all the phases
of the LCA once more, but this time with concrete actions to undertake when
performing an LCA. The ambition with the cookbook is to provide you with the
recipes for performing an LCA. Where Part II answers the numerous ‘why’
questions, the Cookbook answers the ‘what’ and ‘how’ questions. It is intended to
guide you through the many steps, activities and decisions that are needed to
perform an LCA. The Cookbook follows the main structure of the ISO 14044
standard and gives detailed instructions on all the central activities, based on se-
lection of those provisions and actions in the ILCD Handbook that are generally
needed in order to perform an LCA.

The fifth part of the book is an appendix collection with supporting material for
use in LCA teaching like a reporting template offering the student a recommended
structure for an LCA report, an example of a complete LCA report on a case study
based on student results from an LCA course, and an overview and comparison of
existing life cycle impact assessment methods to compliment the methodology
chapter on this phase of the LCA.

1.3 How to Use This Book?

As you will see, you may use this book as a textbook, focusing on the description of
the theory in Part II. All the basic elements of the methodology are presented in
chapters with clearly defined learning objectives. An exemplary LCA case study
weaves through the methodology chapters and is used, where relevant, to give
practical examples of the presented methodological elements. The case study is
compiled at the end in a full LCA report in Part V of the book, illustrating the use of
the reporting template and serving as an example for students of how a good student
LCA report may look. You can select chapters from Part III of the book on the LCA
applications that are relevant in your didactic context, and you can use the
Cookbook in Part IV and the reporting template and example LCA report in Part V
for support to perform a real LCA if this is part of your learning. Each chapter of the
book was written in a way that allows it to also function as stand-alone material for
studying the respective aspects that it presents. The chapters can thus also be read
on their own in order to deepen your knowledge on their specific topics.

Once you have taken the learning from the book, you can use the Cookbook as a
manual on how to perform an LCA. The cookbook is based on the ILCD
guideline and it is thus not a universally endorsed LCA method—in fact, such a
method does not exist beyond the ISO standards. We have, however, found that this
guideline is useful as a reference because of its very detailed prescriptions. In cases
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where you disagree with certain provisions or where a different approach is more
relevant for the study that you perform, it will still serve as a reference for trans-
parently and efficiently reporting about the method that you have used by speci-
fying the points where you have chosen a different approach.

Whether you aspire to be a practitioner of LCA or a user of LCA information,
the textbook will also serve as a repository of LCA experience with the wealth of
information on the many application areas presented in Part III of the book.

We wish you a fruitful learning with the book and success with your future LCA
activities!
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Chapter 2
Main Characteristics of LCA

Anders Bjorn, Mikolaj Owsianiak, Christine Molin
and Alexis Laurent

Abstract Life cycle assessment (LCA) has a number of defining characteristics
that enables it to address questions that no other assessment tools can address. This
chapter begins by demonstrating how the use of LCA in the late 2000s led to a
drastic shift in the dominant perception that biofuels were “green”, “sustainable” or
“carbon neutral”, which led to a change in biofuel policies. This is followed by a
grouping of the LCA characteristics into four headlines and an explanation of these:
(1) takes a life cycle perspective, (2) covers a broad range of environmental issues,
(3) is quantitative, (4) is based on science. From the insights of the LCA charac-
teristics we then consider the strengths and limitations of LCA and end the chapter
by listing 10 questions that LCA can answer and 3 that it cannot.

Learning objectives After studying this chapter the reader should be able to:

¢ Explain the relevance of LCA as a tool for environmental management.
Explain four main characteristics of LCA.
Demonstrate an understanding of strengths and limitations of LCA by providing
examples of environment-related questions that LCA can answer and questions
that LCA cannot answer.
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2.1 Why Is LCA Important? Biofuel Case

LCA has a number of defining characteristics. Before elaborating on these char-
acteristics a real life case is presented to show how the use of LCA provided new
insights and led to major changes in policy. This is the case of first generation
biofuels used in the transport sector.

The use of biofuels is not a new trend. They were used in the form of wood and
peat before the industrialisation and were pretty much the only source of fuels then.
This changed with the emergence of cheap fossil fuels, first in the form of coal, later
followed by oil and natural gas. By the end of the twentieth-century fossil fuels had
become the dominating source for meeting the world’s primary energy demand. At
the same time the transportation sector of developed nations was responsible for an
increasing share of the total national energy demands [e.g. EC (2012)]. While
electricity and heat increasingly were supplied by other sources than fossil fuels, a
similar transition could not be observed for transportation energy (IEA 2015).

The 2000s witnessed a renewed interest in using biofuels in the transportation
sector, spurred by increasing oil prices, the question of energy security and con-
cerns over climate change. Biofuels were seen as potentially cost competitive with
gasoline and diesel and they were considered means to reduce dependencies on
large exporters of oil, many of which were (and are) located in politically unstable
regions of the world. In the early 2000s biofuels in the transportation sector were
also generally considered much better for the climate than fossil fuels. The rea-
soning was that the CO, emitted from the combustion of biofuels has a “neutral”
effect on climate change, because it belongs to the biogenic carbon cycle, meaning
that it used to be in the atmosphere before being taken up, via photosynthesis, by
the plants that were the sources of the biofuel and that it will be taken up by new
plants again. By contrast, CO, emitted from the combustion of fossil fuels origi-
nates in carbon that belongs to the much slower geological carbon cycle and can be
considered as effectively isolated from the atmosphere, because it would have
stayed in the ground for millions of years, had it not been extracted to be used as
fuel.

While the distinction between biogenic and fossil CO, is important, LCA studies
(Zah and Laurance 2008; Fargione et al. 2008; Searchinger et al. 2008) have shown
that it was a mistake to:

(1) consider the use of biofuels in the transport sector inherently “climate neutral”
(2) disregard potential increases in environmental problems other than climate
change from a transition from fossil fuels to biofuels.

Regarding the first point, LCA takes a life cycle perspective when evaluating
environmental impacts of a product or a system. In this case it means not only
considering the use stage of the biofuel, i.e. where its chemical energy is trans-
formed to kinetic energy in a vehicle’s combustion engine, but also considering the
industrial and agricultural processes prior to the delivery of the biofuel to the fuel
tank of the vehicle (see Fig. 2.1).
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Fig. 2.1 Graphic representation of the biofuels life cycle from feedstock to end user (Icons made
by Flaticon from www.flaticon.com)

When taking a life cycle perspective it is clear that no biofuel is “climate
neutral”, because of the inputs of fossil fuels needed in industrial processes prior to
the use stage. In addition, a consequence of the increased demand for biofuel crops
may be the conversion of natural land (such as forest) to cultivated land and this
releases the carbon bound in the natural biomass (e.g. wood) and the soil as CO,.
Sometimes the conversion of natural land happens as an indirect consequence, i.e.
forest is being cleared to make room for the crops that used to be cultivated at the
piece of land now used for biofuel crops. This means that a country that increases
its production of biofuel crops, at the expense of a decrease in food crops may
indirectly contribute to a loss of natural land (e.g. forest) somewhere else, possibly
on a different continent, due to the mechanisms of international trade.

Regarding the second point, LCA considers multiple environmental issues (and
sometimes social issues, see Chap. 16) when evaluating a product or a system. This
is an important attribute in the case of biofuels because the release of nutrients from
fertilizer use and synthetic chemicals from pesticide use, lead to eutrophication and
toxic effects on freshwater ecosystems and elsewhere, and because the cultivation
requires large amounts of land and water for irrigation, which can lead to biodi-
versity loss and water scarcity. Social impacts from an increased production of
biofuels have also been reported in the form of increasing food prices.

The insights provided by LCA were a key reason for the rapid change in per-
spective on biofuels by policy-makers and media that began around 2008. For
example, in 2010 the European Commission amended its legislation on biofuels by
introducing a set of sustainability criteria, which relates to life cycle emissions of
greenhouse gases and prohibits the conversion of land with previously “high carbon
stock” and “high biodiversity” for the production of biofuels (EC 2010).

With the above text, we are not arguing that the transportation sector should
abandon biofuels as a strategy to reduce its use of fossil fuels and climate impacts.
We are merely trying to show that the world is not black and white and that a more
holistic perspective is required when evaluating and guiding technological changes.

2.2 Main Characteristics

Having made a case for LCA with the topic of biofuels, we now turn to describing
its main characteristics in slightly more technical terms and end the chapter by
listing its strengths and limitations.
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2.2.1 Takes a Life Cycle Perspective

The life cycle metaphor is borrowed from the field of biology. For example, the life
cycle of a butterfly starts with an egg, which bursts and lets a caterpillar out that
turns into a pupa from which a butterfly emerges that eventually dies after laying
eggs for the cycle to be repeated. In much the same way a man-made object starts
its lifecycle by the harvesting and extraction of resources, followed by production,
use and eventually management of the object as waste, which marks the end of the
life cycle. Recycling or reuse can be seen as “new eggs” for the life cycles of other
man-made objects. The objects studied in LCA are often physical products and the
term “product system” signals that a life cycle perspective is taken, i.e. that all the
processes required to deliver the function of the product are considered. For
example, the function of a car fuel is to propel a car. As illustrated in the case
above, the delivery of this function requires a number of industrial and agricultural
processes that can be conceptually organised in stages of the life cycle of a biofuel
(see Fig. 2.1). The core reason for taking a life cycle perspective is that it allows
identifying and preventing the burden shifting between life cycle stages or pro-
cesses that happens if efforts for lowering environmental impacts in one process or
life cycle stage unintentionally create (possibly larger) environmental impacts in
other processes or life cycle stages. As shown above, the substitution of fossil fuels
with biofuels reduces impacts on climate change from the use stage but increases
climate change impacts from the harvest and extraction stage. Although LCA is
mostly used to study product systems, it can also be used to study more complex
man-made objects, such as companies (see Chap. 22), energy-, transport- or waste
management systems (see Chaps. 26, 27 and 35) and infrastructure and cities (see
Chap. 28). In all applications the assessment takes a life cycle perspective having
the function of the studied entity as focal point.

2.2.2 Covers a Broad Range of Environmental Issues

In LCA, the comprehensive coverage of processes over the life cycle is comple-
mented by a comprehensive coverage of environmental issues. Rather than focusing
exclusively on, say, climate change, which generally receives most attention these
days, LCA covers a broad range of environmental issues, typically around fifteen
(see Chap. 10). These issues include climate change, freshwater use, land occu-
pation and transformation, aquatic eutrophication, toxic impacts on human health,
depletion of non-renewable resources and eco-toxic effects from metals and syn-
thetic organic chemicals. The core reason for considering multiple environmental
issues is to avoid burden shifting, which is also why a life cycle perspective is
taken. Here burden shifting happens if efforts for lowering one type of environ-
mental impact unintentionally increase other types of environmental impacts.
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As shown above, decreasing impacts on climate change by substituting fossil fuels
with biofuels has the potential to cause an increase in other environmental issues
such as water scarcity, eutrophication, land occupation and transformation.

2.2.3 Is Quantitative

LCA results answer the question “how much does a product system potentially
impact the environment?” Part of the answer may be “the impact on climate change
is 87 kg of CO, equivalents”. The quantitative nature of LCA means that it can be
used to compare environmental impacts of different processes and product systems.
This can, for example, be used to judge which products or systems are better for the
environment or to point to the processes that contribute the most to the overall
impact and therefore should receive attention. LCA results are calculated by
(1) mapping all emissions and resource uses and, if possible, the geographical
locations of these, and (2) use factors derived from mathematical cause/effect
models to calculate potential impacts on the environment from these emissions and
resource uses. The first step often involves thousands of emissions and resource
uses, e.g. “0.187 kg CO,, 0.897 kg nitrogen to freshwater, 0.000000859 kg dioxin
to air, 1.54 kg bauxite, 0.331 m® freshwater...”. In the second step the complexity
is reduced by classifying these thousands of flows into a manageable number of
environmental issues, typically around fifteen (see above). Quantifications generally
aim for the “best estimate”, meaning that average values of parameters involved in
the modelling are consistently chosen (see Chap. 10).

2.2.4 Is Based on Science

The quantification of potential impacts in LCA is rooted in natural science. Flows
are generally based on measurements, e.g. water gauges or particle counters at
industrial sites or mass balances over the processes. The models of the relationships
between emission (or resource consumption) and impact are based on proven
causalities, e.g. the chemical reaction schemes involving nitrogen oxides and
volatile organic compounds in the formation of atmospheric ground level ozone
(smog) or on empirically observed relationships, e.g. between the concentration of
phosphorous in a lake and the observed numbers of species and their populations.
On top of its science core, LCA requires value judgement, which is most evident in
the optional step of assigning weights to different types of environmental problems
to evaluate the overall impact of a product system. LCA strives to handle value
judgement consistently and transparently and in some cases allows practitioners to
make modelling choices based on their own values, for example with respect to the
number of years into the future that environmental impacts should be considered in
the assessment.
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2.3 Strengths and Limitations of LCA

A main strength of LCA is its comprehensiveness in terms of its life cycle per-
spective and coverage of environmental issues. This allows the comparison of
environmental impacts of product systems that are made up of hundreds of pro-
cesses, accounting for thousands of resource uses and emissions that are taking
place in different places at different times. However, the comprehensiveness is also
a limitation, as it requires simplifications and generalisations in the modelling of the
product system and the environmental impacts that prevent LCA from calculating
actual environmental impacts. Considering the uncertainties in mapping of resource
uses and emissions and in modelling their impacts and the fact that calculated
impacts are aggregated over time (e.g. tomorrow and in 20 years) and space (e.g.
Germany and China) it is more accurate to say that LCA calculates impact
potentials.

Another strength in the context of comparative assessments is that LCA follows
the “best estimate” principle. This generally allows for unbiased comparisons
because it means that the same level of precaution is applied throughout the impact
assessment modelling. A limitation related to following the “best estimate” prin-
ciple is, however, that LCA models are based on the average performance of the
processes and do not support the consideration of risks of rare but very problematic
events like marine oil spills or accidents at industrial sites. As a consequence,
nuclear power, for example, appears quite environmentally friendly in LCA because
the small risk of a devastating disaster, like the ones that happened in Chernobyl,
the Ukraine or Fukushima, Japan, is not considered.

A final limitation worth keeping in mind is that, while LCA can tell you what
(product system) is better for the environment, it cannot tell you if better is “good
enough”. It is therefore wrong to conclude that a product is environmentally sus-
tainable, in absolute terms, with reference to an LCA showing that the product has a
lower environmental impact than another product. Chapter 5 elaborates on the
relationship between LCA and sustainability.

The above characteristics mean that LCA is suitable for answering some ques-
tions and unsuitable for answering others. Box 2.1 provides examples of questions
that LCA can and cannot answer.

Box 2.1. What LCA can and cannot answer
Examples of questions LCA can answer:

1. Is paper, plastic or textile bags the most environmentally friendly option
for carrying groceries back from the supermarket?

2. From an environmental point of view should we use glass fibre composite
or steel for the car body?

3. How can the overall environmental impact of a refrigerator be minimised
with the least effort?
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4. What is the most environmentally friendly way to package and transport
food?

5. From an environmental perspective, should plastics be incinerated or
recycled and which parameters do the conclusion depend on?

6. Where is the environmental optimum in the trade-off between minimising
heat loss and minimising the use of impact-intensive materials in a
window (see illustrative case on window frames in Chap. 39)?

7. Should a plastic zipper be added to cheese packaging to reduce household
food waste and thereby reduce the overall environmental impacts of
cheese?

8. Is it more environmentally friendly to do the dishes manually or using a
dishwasher?

9. Should a company target its own processes, its suppliers, its customers or
the waste management sector in the effort of reducing the environmental
impact of its products?

10. Are electric cars more environmentally friendly than conventional
internal combustion engine cars and what are the important parameters
deciding this (see Chap. 27)?

Examples of questions LCA cannot answer:

1. Should taxes on old diesel cars be increased to reduce emissions of par-
ticles and thereby reduce hospital spending on treating lung diseases?

Explanation: LCA cannot be used to compare the societal disadvantages of
higher taxes with advantages of less pollution. Cost benefit analysis combined
with Health Assessment Studies would be a better tool for answering this
question.

2. Do current emissions from a specific factory lead to pollutant concen-
trations above regulatory thresholds in nearby aquatic ecosystems?

Explanation: LCA is not designed to evaluate impacts of a single emission
source on local ecosystems and contains no information on regulatory
thresholds. Chemical risk assessment is a more appropriate tool for answering
this question.

3. Do total global emissions of endocrine disruptors cause polar bears to
become hermaphrodites?

Explanation: LCA is not designed to assess a specific effect on a specific
organism from a specific group of chemicals. It would be more meaningful to
measure the concentration of endocrine disruptors in (deceased) polar bears
and compare those measurements with observed occurrences of hermaphro-
dite individuals.

15
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Chapter 3
LCA History

Anders Bjorn, Mikolaj Owsianiak, Christine Molin
and Michael Z. Hauschild

Abstract The idea of LCA was conceived in the 1960s when environmental
degradation and in particular the limited access to resources started becoming a
concern. This chapter gives a brief summary of the history of LCA since then with a
focus on the fields of methodological development, application, international har-
monisation and standardisation, and dissemination. LCA had its early roots in
packaging studies and focused mainly on energy use and a few emissions, spurring
a largely un-coordinated method development in the US and Northern Europe.
Studies were primarily done for companies, who used them internally and made
little communication to stakeholders. After a silent period in the 1970s, the 1980s
and 1990s saw an increase in methodological development and international col-
laboration and coordination in the scientific community and method development
increasingly took place in universities. With the consolidation of the methodolog-
ical basis, application of LCA widened to encompass a rapidly increasing range of
products and systems with studies commissioned or performed by both industry and
governments, and results were increasingly communicated through academic
papers and industry and government reports. To this day, methodological devel-
opment has continued, and increasing attention has been given to international
scientific consensus building on central parts of the LCA methodology, and stan-
dardisation of LCA and related approaches.

Learning Objectives
After studying this chapter, the reader should be able to:

e Explain how LCA emerged and what characterised the early years of
development.
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e OQutline the history of LCA from the 1970s to the present in terms of method-
ological development, application, international harmonisation and standardis-
ation and dissemination.

3.1 Introduction

Concerns over environmental pollution and energy and material scarcity have
motivated the development of life-cycle-oriented approaches for environmental
profiling of products. Life Cycle Assessment (LCA) has experienced a strong
development both in methodology and applications since the first life-cycle-
oriented methods were proposed in the 1960s. Today LCA is defined as “a tool to
assess the potential environmental impacts and resources used throughout a pro-
duct’s life cycle, i.e. from raw material acquisition, via production and use stages, to
waste management” (ISO 2006b). In this chapter, we present a brief account of the
history of LCA in terms of methodological development, standardisation and reg-
ulation, application, and education and dissemination. Important elements of the
history are summarised chronologically in Table 3.1.

3.2 Methodological Development

Life-cycle-oriented methods that were precursors of today’s LCA were developed
in the 1960s in collaboration between universities and industry. They were known
as Resource and Environmental Profile Analysis (REPA) (Hunt et al. 1992) or
Ecobalances until the term LCA became the norm in the 1990s. The method
development initiated in the US and mainly took place there and in Northern
Europe. Early methods could be characterised as material and energy accounting
and were inspired by material flow accounting, as they were focused on invento-
rying energy and resource use (crude oil, steel, etc.), emissions and generation of
solid waste, from each industrial process in the life cycle of product systems.

As inventories got more complex, the initial focus on accounting the physical
flows in a product life cycle was gradually extended with a translation of the
inventory results into environmental impact potentials. In other words, from a list of
resource uses and emissions a set of indicator scores for an assessed product was
calculated, representing contributions to a number of impacts categories, such as
climate change, eutrophication and resource scarcity.

In the early years of the LCA history, environmental concerns addressed by the
methods tended to shift with public concerns, and there was no consistency or
harmonisation of the applied methods. In some years, the focus was on the gen-
eration of solid waste, which was considered problematic, especially in the US,
where landfilling was the dominant waste management practice. In other years,
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Table 3.1 Selected events in LCA history
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Event Year Note
The (perhaps) first LCA-oriented study was presented on | 1963 World Energy
energy requirements for the production of chemical Conference, Harold
intermediates and products Smith
Coca Cola commissions its first study comparing 1969 Not public
beverage containers
The methodological foundation for environmentally 1970 Leontief (1970)
extended input/output analysis is made
Publication of the first public and peer-reviewed LCA 1974 EPA (1974)
study “Resource and Environmental Profile Analysis of
Nine Beverage Container Alternatives”, commissioned
by the US EPA
First impact assessment method based on critical volumes | 1984 BUS (1984)
introduced
The first widely used commercial LCA software, GaBi, | 1989 Thinkstep (2016)
was released in its first version
SimaPro, another widely used commercial LCA software, | 1990 PRé¢ (2016)
was released in its first version
The term “life cycle assessment” was coined 1990 SETAC (1991)
Emergence of a number of LCI databases managed by Early
different institutions 1990s
First environmental theme-oriented impact assessment 1992 Heijungs et al. (1992)
methodology, CML92
SETAC Code of Practice published in effort to harmonise | 1993 SETAC (1993b)
LCA framework, terminology and methodology
The academic journal fully dedicated to LCA, The 1996
International Journal of Life Cycle Assessment, was born
ISO 14040 standard on LCA principles and framework | 1997 ISO 14040
released
ISO 14041 standard on goal and scope definition released | 1998 ISO 14041
Damage-oriented methodology Eco-indicator 99 emerges | 1999 Goedkoop and

Spriensma (2000)
ISO 14042 standard on life cycle impact assessment 2000 ISO 14042
released
ISO 14043 standard on life cycle interpretation released | 2000 1SO 14043
UNEP/SETAC Life Cycle Initiative launched 2002
The LCI database ecoinvent version 1.01 is released 2003 Ecoinvent (2016)
Establishing of a general methodological framework and | 2006
guideless for LCA through ISO 14040 and ISO 14044
A framework for Life Cycle Sustainability Analysis was | 2008 Klopffer (2008)
proposed
ILCD handbook published 2010 EC (2010)
PEF and OEF guidelines published 2012

and

later
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when the price on oil was fluctuating or high, energy use was the focus of early
studies. Public concerns also shifted with respect to emissions, which in some
periods were deemed to be sufficiently controlled by regulation and voluntary
measures by industry, but at other times considered very problematic. Early impact
assessment methods tended to represent impacts from emissions in the form of
dilution volumes of air or water needed to dilute the emissions to safe levels, or
below regulatory thresholds [e.g. the Swiss Ecopoint method from the 1980s (Ahbe
et al. 1990)].

During the 1990s many impact assessment methods evolved, and the ambition
has since then been to quantify all relevant environmental impacts, independent of
shifting public concerns, with the goal of avoiding burden shifting. The first impact
assessment methodology to cover a comprehensive set of midpoint impact cate-
gories, as we know them today, was CML92 (Heijungs et al. 1992). It was released
in 1992 by the Institute of Environmental Sciences at Leiden University in the
Netherlands. The Swedish EPS method (Steen 1999a, b) looking at the damages
caused took a different approach focusing on the damages to ecosystems and human
health, rather than midpoint impacts, an approach that was followed by the Dutch
Eco-indicator 99 methodology released in 1999 with a more science-based
approach to the damage modelling (Goedkoop and Spriensma 2000). The early
1990s also saw the birth of a number of life cycle inventory databases managed by
different institutes and organisations and covering different industrial sectors. Due
to differences in data standards and quality, the resource uses and emissions of a
single industrial process could, however, differ substantially in the different data-
bases, but at this point in the development, the focus was on expanding the cov-
erage and for many processes, there were no data at all. This situation was improved
in 2003 with the release of the first ecoinvent database (v 1.01) covering all
industrial sectors and aiming for consistent data standards and quality (ecoinvent
2016).

In parallel to this development in process-based LCA, a “top-down” approach
was developed based on the work of the economist Wassily Leontief on
input-output analysis of economies (Leontief 1970). This “top-down” approach to
constructing an inventory is based on combining the national statistics of the trade
between sectors with information on sector-specific environmental loads to arrive at
an environmentally extended input/output analysis (EEIOA see more in Chap. 14).

Inherent in the discussion of LCI data was also a more fundamental difference in
the perception of the product life cycle and LCA and its potential application. The
attributional perspective aims to quantify the environmental impacts that can be
attributed to the product system based on a mapping of the emission and resource
flows that accompany the product as it moves through its life cycle, applying
representative average data for all processes involved in the life cycle in a book
keeping approach. The consequential perspective is concerned with the potential
consequences of the decision based on the results of the LCA, and involves
modelling of the broader economic system that the decision affects (see Sect. 8.5).
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The modelling of increasingly complex product systems and the proliferation of
LCI data and impact assessment methodologies created a need for dedicated LCA
software and the first versions of both SimaPro and GaBi, two widely used soft-
ware, were released around 1990 (Thinkstep 2016; PRé 2016).

In the twenty-first century, impact assessment methods have continuously been
refined and several methodologies have emerged and are frequently being updated.
The first impact assessment methods took into account the often large differences in
the environmental hazards of the individual emissions. The realisation that there can
be very large differences also in the sensitivity of the environment receiving the
impacts lead to the release of the EDIP2003 method (Hauschild and Potting 2005)
with spatially differentiated impact assessment methods covering non-global
impacts like eutrophication and acidification. With the globalisation of produc-
tion and an increased focus on biobased products in LCA, methods for impact
assessment of extraction-related impacts like water use and land use have seen a lot
of activity in the 2000s and 2010s. Hybrid LCA has emerged to reap the benefits of
process-based and input/output based inventory analysis. Acknowledging that
sustainability also has a social dimension, a growing activity has attempted to
develop methods for Social LCA to quantify social impacts of product life cycles. A
framework for life cycle sustainability assessment (LCSA) has emerged for per-
forming assessments and aims to take into account an environmental, social and
economic dimension of sustainability (see Chap. 5).

3.3 Application

Many of the early process-based LCA studies analysed packaging, which was a
great consumer concern around the 1970s. For example, moulded pulp trays were
compared to plastic trays and plastic bottles were compared to refillable glass
bottles. Studies were typically commissioned by companies producing or using the
packaging, such as Coca Cola in a pioneering study in 1969. Rather than disclosing
studies directly to consumers, the results were mainly used for internal purposes,
such as guiding reduction of life cycle impacts.

LCA also caught the interest of government early on. For example, the US EPA
commissioned a large peer reviewed study, which was published in 1974, with the
aim of informing regulation on packaging (US EPA 1974). However, at that time
the EPA decided that using LCA as a direct regulatory tool was impractical,
because it was thought to require LCAs to be carried out on thousands of products
followed by extensive micro-managing of private businesses.

During the 1980s, life-cycle-related tools received little attention in North
America, but in Europe, a revival started around the middle of the decade with an
increased interest in the impacts of milk packaging that inspired a number of large
LCA studies performed in different European countries. All studies compared
alternative packaging systems for milk distribution to private consumers
(Bundesamt fiir Umweltschutz 1984; Franke 1984; Lundholm and Sundstrom 1985;
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Mekel and Huppes 1990; Pommer et al. 1991). A comparison of the studies shows
that although they aimed to answer the same question (is returnable packaging or
milk cartons preferable from an environmental and resource perspective?), and
although they compared more or less the same packaging technologies, they
reached very different conclusions. Rather than disqualify LCA as a serious deci-
sion support tool, these findings triggered an international collaboration among
scientists and LCA practitioners from industry and consultancy on furthering LCA
methodology development and harmonisation, as reflected in the strong interna-
tional development work and standardisation in the 1990s. Concurrent with the fast
methodological development of the 1990s the application of LCA expanded to
include numerous other types of products during this decade as reflected in the
proliferation of LCA-based ecolabels. The first LCA-supported Nordic Ecolabel
was initiated in 1989 to guide consumers towards products with the lowest envi-
ronmental impacts, and the number of product categories covered by criteria grew
rapidly under this and other ecolabels like the European Flower label and the
German Blaue Engel (see Chap. 24 on Eco-labelling and environmental product
declarations). Several European countries launched national product-oriented
environmental strategies with LCA as the methodological backbone, presaging
the European Integrated Product Policy(IPP) to be adopted at EU level in 2003 with
policy instruments like the aforementioned ecolabels, environmental product dec-
larations, green public purchase and integration of environmental aspects into
standards development.

After the turn of the century, product applications continued to grow in number
and broaden in scope, also inspired by the increased political focus on LCA in EU
and other parts of the world. LCA studies were increasingly used to analyse
questions on the macro scale related to, for example, national energy systems and
waste management systems. A 2006 survey of LCA practitioners found that LCA
results were primarily used in business strategy, research and development and
product or process design, but that education, policy development and
labelling/product declarations were also frequent uses (Smith Cooper and Fava
2006). A similar survey from 2011 found that most practitioners made LCA studies
in the agriculture (56%) and food sectors (62%), while practitioners working with
other consumer goods (38%) and energy (37%) industries were somewhat less
frequent (Teixeira and Pax 2011). The growth in the private sector’s use of LCA in
the period is reflected in Fig. 3.1 which shows the development in the total annual
number of corporate responsibility reports mentioning LCA.

The year 2008 became an important year in the history of LCA for policy
support, as the European Commission initiated its Sustainable Consumption and
Production and Sustainable Industrial Policy (SCP/SIP) Action Plan, incorporating
the previous IPP and waste and resource strategies and having LCA as the ana-
Iytical backbone, but this time without the micromanagement regulation scope
explored by the US EPA three decades earlier. The use of LCA in policy devel-
opment is discussed in Chap. 18.

In 2009, The Sustainability Consortium was formed with the US retailer
Walmart as a central partner with the mission to create a more sustainable consumer
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Fig. 3.1 Development in number of published corporate responsibility reports mentioning LCA
(“Life cycle analysis” or “life cycle assessment”) per year from 2000 to 2015. Based on a search in
the PDF Search Tool of CorporateRegister (2016) carried out on April 25th, 2016

goods industry through the implementation of credible, transparent, and LCA-based
reporting systems in the value chains of consumer products, targeting both envi-
ronmental and social impacts. The activities of the sustainability consortium have
the potential to strengthen the applicationof LCA further in the main regions
supplying consumer products to the North American market, notably China and
Southeast Asia.

3.4 International Harmonisation and Standardisation

With the awakening interest in LCA in the late 1980s, it soon became clear that
there was a strong need for developing the methodology and harmonising the
evolving methods to ensure consistency between studies.

3.4.1 Scientific Collaboration and Consensus Building

The global Society of Environmental Toxicology and Chemistry organised a
workshop on “A Technical Framework for Life Cycle Assessment” in 1990
(SETAC 1991). This first event was followed by a series of workshops targeting
central elements of the LCA methodology: in Leiden in the Netherlands (1991)
(SETAC 1992), Sandestin Florida (SETAC 1993a) and Wintergreen (1992)
(SETAC 1994) where central elements of LCA methodology were discussed with
the aim of developing a common framework and agree on principles and research
needs. The series culminated in a Code of Practice workshop held in Sesimbra,
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Portugal, in 1993 leading to the development of the first official guidelines for LCA
(SETAC 1993b)—a Code of practice for LCA. Through the rest of the 1990s
SETAC working groups in Europe and North America further discussed the
methodological elements with particular focus on inventory modelling and life
cycle impact assessment, regularly publishing their recommendations in SETAC
working group reports presenting the agreed state of the art and delivering rec-
ommendations for further research. The working groups helped coordinate the
method development and strengthen the collaboration between the different
research teams developing the LCA methods and they played an important role in
the strong developments in LCA methodology through the 1990s. The work in
these international fora was building on several important national and regional
methodology development projects like the Nordic LCA Guideline project (Nordic
Council of Ministers 1992; Lindfors et al. 1995), The Dutch LCA Handbook
(Guinée et al. 2002) and the Danish EDIP project (Wenzel et al. 1997; Hauschild
and Wenzel 1998)

In the late 1990s, leading researchers from the SETAC working group on life
cycle impact assessment reached out to the United Nations Environmental Program
(UNEP) to create a partnership to ensure further development of good LCA practice
and global dissemination beyond Europe, North America and Japan, which had thus
far been the main activity centres. The UNEP/SETAC Life Cycle Initiative was
launched in 2002 and its changing working groups have taken over the method
development activities of SETAC and increasingly focused on the dissemination of
life cycle practices to the emerging economies through development of training
materials and support with access to tools and data. The methodological recom-
mendations have gained a more authoritative status with a formalised review pro-
cedure under the UNEP/SETAC Life Cycle Initiative.

3.4.2 International Standardisation

Taking off after the development of the SETAC code of practice for LCA in 1993, a
formal standardisation process was initiated under the auspices of the International
Organization of Standardization (ISO) to develop a global standard for LCA,
building on the previous years’ accomplishments in the scientific consensus
building. The standard was to meet concerns from industry who increasingly wanted
to use LCA for product development and marketing of greener products, but
experienced that the lack of a standardised methodology meant that different studies
of the same product could give opposite results depending on the concrete
methodological choices. The standard development resulted in the adoption and
release of four standards over the next seven years, addressing the principles and
framework (ISO 14040), the goal and scope definition (ISO 14041), the life cycle
impact assessment (ISO 14042) and the life cycle interpretation (ISO 14043). In a
2006 revision, the latter three were compiled in the ISO 14044 standard detailing the
requirements and guidelines, without changing any requirements in the standards.
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The ISO 14040 series standards concern the LCA methodology, but in the ISO
14000 series of Environmental Management standards, there are also standards and
technical guidance reports on the applications of LCA for e.g. eco-design (ISO
14062, ISO 14006), communication of environmental performance (ISO 14020
series on ecolabels and ISO 14063), and greenhouse gas reporting and reduction
(ISO 14064).

3.4.3 Standardisation of Methodology Beyond the 1SO
Standards: The European ILCD

LCA methodology was very young and rather immature while the ISO standardi-
sation process took place in the 1990s, and the resulting standards are therefore not
very detailed on specific methodological choices but rather focused on the frame-
work and the fundamental principles of LCA. This is one of the reasons why the
work of the UNEP/SETAC Life Cycle Initiative was needed to evaluate alternative
practices and develop recommendations from a scientific point of view. It was also
the background for a process initiated by the European Commissionin the
mid-2000s to develop an International Life Cycle Data System (ILCD) with a
database of life cycle inventory data and a series of methodological guidelines.
With the development of the Integrated Product Policy and the action plan for
Sustainable Consumption and Production, there was a need for a strong method-
ological basis of the LCA which was the method used for judging alternatives and
communicating on the impacts of products and consumption. The ISO standards
left too many possibilities for ambiguities in the applied methodology and in a
consultation process, the EU Commission’s Joint Research Centre’s Institute for
Environment and Sustainability developed a comprehensive guideline in LCA
(EC-JRC 2010) that builds on the ISO 14040 and 14044 standards, and over 394
pages specifies the majority of the methodological choices that are left open by the
ISO standards. Adherence to the ILCD guideline is intended to ensure more con-
sistent and reproducible results of LCAs performed by different practitioners and
hence increase comparability of LCA results from different studies. We have
compiled the central provisions of the ILCD guideline as a Cookbook for LCA in
Chap. 37 and the core methodological Chaps. (7—13) are inspired by and consistent
with the ILCD guidelines. The ILCD work also involved a comparative analysis of
all available LCIA methodologies (around 2008) comparing their approaches to
assessment of the different midpoint and endpoint impact categories and identifying
a recommendable practice for each impact category. The collection of best practices
for each impact category was compiled as the ILCD impact assessment method
(EC-JRC 2011). After the release of the ILCD guidelines in 2012, the EU
Commission launched the Product Environmental Footprint (PEF) and
Organisational Environmental Footprint (OEF) Guidelines as abbreviated and
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slightly revised versions of the ILCD guidelines targeting different categories of
products or services to be applied by companies and organisations reporting on their
environmental performance.

3.5 Dissemination

Early studies commissioned by companies were often not published due to confi-
dential information on industrial processes and the difficulty of communicating
results in non-technical language. The first peer-reviewed LCA-like study was the
packaging study commissioned by the US EPA (see Sect. 3.2) published in 1974.
After the development of the ISO 14040 series standards on LCA, starting in 1997,
it became a common practice for companies to publish peer-reviewed LCA reports
to document environmental claims, although full disclosure of underlying data is
still rare due to confidentiality issues. Academic journals have become an important
medium for the dissemination of LCA studies, whether made to support decisions
in, e.g. companies, or for research purposes. In 1996, the first academic journal fully
dedicated to LCA was born, The International Journal of Life Cycle Assessment.
This journal and other journals have seen a sharp increase in the number of pub-
lished papers related to life cycle assessment, from less than 100 in 1998 to more
than 1300 in 2013 as illustrated in Fig. 3.2, which indicates an exponential
development of the number of publications in this period. The publication of LCA
reports outside academic journals is difficult to map, but is likely to have seen a
similar development as indicated by the increase in company use of LCA illustrated
in Fig. 3.1.
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Fig. 3.2 Development in number of published LCA-related academic articles in English per year
according to Web of Science (WoS) (Chen et al. 2014). The high R? value for the fitted
exponential function indicates an exponential development. Reprinted with permission of Springer
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Fig. 3.3 Geographical distribution of articles published from 1998 to 2013 considering primary
authors only (Hou et al. 2015). Reprinted with permission of Springer

Figure 3.3 shows that many of the English language LCA-related academic
papers originate in the US and Europe, but that countries like Japan, China and
South Korea have also had a noticeable publication activity. The limited activity on
LCA in most emerging economies is clearly visible. Reasons for this are discussed
in Chap. 19 on Globalisation and mainstreaming of LCA. Note, however, that LCA
studies published in other languages than English are not included in Fig. 3.3,
which therefore may lead to an underestimation of academic publications from
emerging economies.

3.6 Concluding Remarks

LCA is a young discipline with 50 years of history and less than 30 years of intense
development and application. Over the years, the methodology and applications
have matured in the sense that scientific consensus and standards have emerged on
how to perform LCA. The field has expanded in other ways when considering the
number of publications, application domains and the geographical distribution of
LCA competences. Table 3.1 summarises some of the important events in the
history of LCA.
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Abstract The chapter gives examples of applications of LCA by the central
societal actors in government, industry and citizens, and discusses major motiva-
tions and challenges for the use of LCA to support science-based decision-making
from their respective perspectives. We highlight applications of LCA in policy
formulation, implementation and evaluation, present different purposes of LCA
application in industry at both product and corporate levels, and discuss challenges
for LCA applications in small- and medium-sized enterprises. Our synthesis
demonstrates the importance of LCA as a tool to quantify environmental impacts of
products and systems and support decisions around production and consumption
and highlights factors that prevent its even more widespread application.
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4.1 Background

Recent decades have witnessed numerous applications of LCA to support decisions
in an environmental sustainability context (see Chap. 3). Much efforts have been
made to facilitate the application of LCA and life cycle thinking in society ranging
from the regulatory and governmental level, through industry and production to the
level of citizens and consumers. The dissemination of LCA has been aided by a
number of initiatives for supporting and harmonizing the application of the tool. In
1997 the first version of the ISO 14040 standard (later updated as ISO 2006a) was
published in an attempt to harmonize the framework and principles of LCA and to
increase transparency and comparability of LCA studies. In 2001, The United
Nations Environment Programme (UNEP) and the Society for Environmental
Toxicology and Chemistry (SETAC) joined forces in the launch of a global
Partnership to strengthen the dissemination and use of LCA worldwide, known as
the Life Cycle Initiative (LCI). The purpose of the initiative was to “enable users
around the world to put life cycle thinking into effective practice”. Another ini-
tiative supporting a more widespread application of LCA was The European
Commission’s project, The European Platform of Life Cycle Assessment, launched
in 2005. Its objective was to “promote life cycle thinking in business and in policy
making” in the European Union by focusing on underlying data and methodological
needs. The homepages of these initiatives provide a wide palette of information,
tools and support (http://www.lifecycleinitiative.org; http://eplca.jrc.ec.europa.eu/).

In parallel, many initiatives have been launched at the national level to facilitate
and support the application of LCA, often under the auspices of governmental
institutions such as environmental protection agencies (see Chap. 3), inspiring
numerous private and public LCA consultancies to emerge in assistance to com-
panies or institutions without the in-house LCA expertise. Recent widespread
LCA-related services are an elaboration of Environmental Product Declarations
(EPDs) or performance of Greenhouse Gasaccounting. Moreover, universities,
research institutions and private companies often enter into close collaboration on
LCA methodology development and application of LCA via, e.g. commercial
projects or industrial PhDs.

Here, we present examples of applications and discuss major motivations and
challenges for the use of LCA to support decision-making from the perspectives of
decision-makers within governments, industry and citizens. More details are given
in Part III of the book with chapters dedicated to different stakeholders and multiple
examples of the use of LCA within different technology domains. Chapter 18 gives
a more detailed introduction to the use of LCA and life cycle thinking in policy-
making in different parts of the world, and Chap. 19 discusses the globalization of
the use of LCA. Life cycle management (LCM) within business and industry is the
topic of Chap. 22, while Chap. 24 introduces the use of LCA in the development
and management of environmental labels and declarations.


http://www.lifecycleinitiative.org
http://eplca.jrc.ec.europa.eu/
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4.2 Government Perspective

Application of LCA and life cycle based approaches can support policy formula-
tion, policy implementation and regulation imposed by policies, and can be used to
perform evaluation of policies. As part of the pan-European project CALCAS
(Coordination Action for innovation in Life Cycle Analysis for Sustainability),
reviews were conducted in mid-2000s to identify LCA applications to support
different stages of the policy cycle, i.e. their formulation, implementation and
evaluation (CALCAS 2008). Table 4.1 presents and overview of such applications.
Since then, the pressing need to move towards more sustainable societies has made
LCA increasingly recognized in high policy-level, and its role in the policy cycle
has been formalized in some countries or regions. For example, in Europe, the
European Commission has listed LCA as one of the reference models for the impact
assessment of policies in the European Union (EU) within its “better regulation
guidelines” document published in 2015 (European Commission 2015). This holds
a potential to increase the use of LCA in retrospective assessments of existing
policy frameworks (i.e. evaluations or fitness checks) and prospective assessments
of future possible policy options (policy development).

Table 4.1 Examples of LCA applications at different stages of the policy cycle

Topic Initiation year and/or
geographical scope

LCA as a knowledge tool in policy formulation

Environmental technologies action plan (ETAP) 2004; EU

Integrated product policy (IPP) 2003; EU

Directive on the eco-design of energy using products (EuP) 2005; EU

Strategy for the sustainable use of natural resources 2005

Sustainable production and consumption action plan (SCP) 2007; EU

Biofuels Germany

Application of pesticides Costa Rica
Supporting the implementation of information based instruments: LCA & policy implementation
Eco-labelling Various countries
Environmental product declarations (EPD) Various countries
Strategic environmental assessment directive 2004

Public procurement EU, Japan
Construction products directive 1989; EU

Ordinance on the avoidance and recovery of packaging wastes | Germany

Waste management France, Mexico, japan
LCA as a tool for policy evaluation

Thematic strategy on prevention and recycling of waste & 2005; EU

Waste framework directive

Waste oil directive 2000; EU

Based on CALCAS (2008)
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4.2.1 Policy Formulation

As an example of LCA used for policy formulation, the European Commission has
promoted Integrated Product Policy (IPP) to minimize environmental impacts of
products by considering all stages of their life cycle, from the cradle to grave
(Mudgal 2008). The IPP comprises various instruments and tools, ranging from soft
instruments that act through influencing the market (like environmental labelling or
green taxation), through subsidies to industries (e.g. financial support to pioneers),
to hard regulation such as the Eco-design Directive for Energy-related Products
(ErP), which establishes a regulatory framework for eco-design of products that use
energy and products that allow for generation, transfer and measurement of energy
(Directive 2009/125/EC). This directive is an example of how life cycle thinking
has guided policymaking within the EU, where the focus has shifted from manu-
facturing processes, to a focus on the use of products and their disposal (Wenzel
et al. 1997; Azapagic and Perdan 2000). Many other examples of the use of LCA in
policy formulation are given in Chap. 18.

A major challenge to the applicationof LCA in these contexts is the commu-
nication of environmental performance of products. It is often done using different
approaches to life cycle inventory modelling and life cycle impact assessment,
which may lead to inconsistent and sometimes misleading results. To facilitate the
communication of reliable and reproducible information about the environmental
performance of products and organizations, the European Commission has elabo-
rated LCA-based methods for product environmental footprint (PEF), and organi-
zation environmental footprint (OEF) (Finkbeiner 2014; Galatola and Pant 2014)
(see also Chap. 24).

4.2.2 Policy Implementation and Evaluation

Governments may use LCA as decision support to advice the introduction of novel
technologies in the market (e.g. the use of biofuels, or introduction of electric cars) or
the selection of waste management systems (e.g. EU Waste Framework Directive
2008/98/EC imposing “to handle waste in a way that does not have a negative impact
on the environment or human health” and requiring the need for life cycle thinking in
waste management) (European Parliament and Council 2008; Meylan et al. 2014). In
Denmark, LCA was used in the 1990s to guide the development of the current
Danish collection system for beverage containers (glass and plastic bottles and
aluminium cans) and it has been used for assessment of recycling strategies for
various waste fractions. The country has also operated with panels of key actors
along the product life cycle who were consulted in the development of
product-oriented policy initiatives. In Switzerland, findings from an LCA study were
used to justify compensation rates to municipalities according to how waste glass
packaging is collected and what disposal option is chosen by the municipality
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(Meylan et al. 2014). In Sweden LCA was used to assess environmental impacts of
introducing waste incineration tax, considered to “encourage waste reduction and
increase materials recycling and biological treatment” (Bjorklund and Finnveden
2007). While the proposed design of such a tax would result in increased recycling,
the LCA found that this would lead to only small environmental improvements.
Thus, it was proposed that the design of the tax should include the fossil carbon
content of the waste. Such examples can also be found outside Europe. In the United
States, the California Oil Recycling Enhancement Act was initiated in 2009 to
support management of used oil and support selection of least-polluting options
(refining and reuse, distillation or combustion with energy recovery) by the state
(Reed 2012). This act “requires that the Department of Resources Recycling and
Recovery coordinate, with input from representatives of all used oil stakeholders, a
comprehensive life cycle assessment of California’s used lubricating and industrial
oil management process” (CalRecycle 2012).

4.3 Industry Perspective

The application of LCA in enterprises can be classified into five main purposes:
(i) decision support in product and process development; (ii) marketing purposes
(e.g. Eco-labelling); (iii) development and selection of indicators used in moni-
toring of environmental performance of products or plants; (iv) selection of sup-
pliers or subcontractors; and (v) strategic planning (Huang and Hunkeler 1995;
Biiltmann 1997; Hanssen 1999; Baumann 2000; Heiskanen 2000; Frankl and Rubik
2000; Ekvall 2012). We note that LCA applications within industry may well serve
more than one purpose, and often the same LCA can be used for different purposes
within acompany (e.g. product development is often combined with marketing
efforts). Furthermore, as experience with using LCA grows in an enterprise, one
application can trigger another (e.g. insights gained from an LCA into product
environmental performance can lead to decisions about selection of suppliers or
setting strategies). We also note that although LCA has traditionally been developed
as a tool to be used at product level, and is still used as such, there is an increasing
interest in using LCA at the corporate level to reflect the performance of the
company or individual plants in a life cycle perspective. This is particularly relevant
for (but not limited to) large enterprises and for applications related to monitoring of
environmental performance and strategic planning.

4.3.1 Applications at Product Level

At product level, LCA is often used during product development and for identifying
environmental hotspots of a product or process either within the organization or in
its supply chain. For instance, a survey showed that the German industry in the
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1990s mainly used LCA internally, to identify hotspots in products and systems,
followed by product and process optimization (Biiltmann 1997; Frankl and Rubik
2000). Another survey showed that large Danish companies, represented by 39
companies considered to cover 90-100% of Danish enterprises having practical
experience with LCA in the 1990s, indicated that LCA had revealed new envi-
ronmental aspects of their products that they had not anticipated. In 79% of the
cases, this led to setting new priorities for environmental efforts, including changes
in products and processes, like saving or substituting materials (Broberg and
Christensen 1999).

In parallel to application in product and process development, LCA is often used
for marketing purposes at different levels. As public concerns about the state of the
environment have become increasingly pronounced and consumers more environ-
mentally conscious, enterprises have also placed a larger focus on quantifying their
environmental performance, using LCA and communicating this to the public as a
way to brand their enterprise as green. Here, the major company expectations to the
use of LCA are to get a competitive advantage and increase the company image or
reputation (Broberg and Christensen 1999). Ecolabels or environmental product
declarations (Chap. 24) can signal good environmental performance and be used to
make a given product more appealing for environmentally conscious consumers.

4.3.2 Applications at Corporate Level

The use of LCA to document and monitor environmental performance at the cor-
porate level is today often limited to a few selected impact categories, typically
footprint indicators (see Sect. 10.4) like carbon footprint and blue water footprint.
This situation may change in the future together with the development of guidelines
for organization environmental footprint (OEF) (Dubois and Humbert 2015). At the
corporate level, industry can also use LCA for setting strategic objectives. For
example, Unilever set a target of halving their environmental impact by 2030,
considering the life cycle of their products (Unilever 2015). Similarly, companies
may want to carry out LCA to better understand their environmental performance in
an effort to implement environmental management system (EMS) (Lewandowska
et al. 2013, 2014). EMS is “a tool to implement a structured program of continual
improvement in environmental performance” and “a tool to manage and commu-
nicate an enterprise’s environmental performance to internal and outside parties”
(Lombardo 2012). EMS standards nowadays often require a life cycle perspective
in order to avoid greenwashing by companies outsourcing parts of their production
to suppliers. There is thus often a relationship between the implementation of EMS
and the implementation of LCA within companies. For example, among Spanish
automotive supplier companies who have received the EMS ISO 14001 certification
and have a certified eco-management and audit scheme (EMAS), the use of LCA is
a common practice (Gonzalez et al. 2008). Organizations who have implemented a
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certified EMS impose higher demands on their suppliers to adopt environmentally
friendly practices (Gonzalez et al. 2008). The contributions made by LCA to EMS
range from the identification of overall environmental aspects and identification of
the activities in the life cycle that have the largest environmental burdens, to a
comparison of alternative manufacturing routes (Stewart et al. 1999). A major
challenge in this context seems to be putting the results into practice, mainly due to
lack of power or information of stakeholders along the product supply chain
(Nakano and Hirao 2011).

4.3.3 Challenges of Small- and Medium-Sized Enterprises

Small- and medium-sized enterprises (SME) can use LCA for the same reasons as
large companies. Yet, small- (1049 employees) and medium-sized (50-249
employees) enterprises generally lag behind large companies in the implementation
of LCA (Johnson and Schaltegger 2015). The major reasons are thought to be the
cost of an LCA, the need for changes in workplace routines, perceived complexity
of the LCA methodology and shortage of qualified personnel to carry out an LCA
(Kurczewski 2013). A study of 10 SMEs revealed that a downside of LCA is that it
becomes too comprehensive and too complex to be easily understood, leaving an
impression in some companies of LCA as a ‘black box’ (Zackrisson et al. 2008).
A closer collaboration with an experienced LCA practitioner and an expert was
found to resolve this problem in some of the cases (Zackrisson et al. 2008).
Similarly, based on a comprehensive literature review, Johnson and Schaltegger
(2015) reported that major barriers for implementation of sustainability manage-
ment tools (including LCA) by SMEs were (i) lack of awareness of sustainability
issues; (ii) absence of perceived benefits; (iii) lack of knowledge and expertise on
sustainability issues; (iv) lack of human and financial resources; (v) insufficient
external drivers and incentives; (vi) unsuitability of formal management tools to fit
the often informal and flexible SME structure; and (vii) complexity of tools.
While the use of LCAs by SMEs was considered marginal (as of 2012), it is
however reported to become more and more common (Baumann et al. 2012;
Schischke et al. 2012; Kurczewski 2013). This may be due to the increased leg-
islative focus on environmental performance, and the potential market benefits from
having an environmentally friendly profile, not least through a market pull from
large companies that are often important costumers. This is reflected by a survey of
146 European SMEs which revealed that most SMEs have limited knowledge of
LCA, and have little internal knowledge of environmental assessments and their
communication (Pamminger 2011). The main drivers for SMEs to start using
environmental assessment tools have been the customer demand or the pressure
from legislation (Pamminger 2011; Schischke et al. 2012). However, industries
focusing on emerging renewable resource technologies, such as bio-based plastic,
had more knowledge and were, in fact, keen on using LCA for communicating the
environmental performance and benefits of their technology compared to
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conventional technologies (Pamminger 2011). The authors’ experience with LCA
application by SMEs in Western Europe shows that SMEs are eager to contribute to
an LCA (e.g. through provision of data) when a dedicated and sufficient budget is
available, e.g. through the involvement in a larger research project. Experience also
shows that SMEs typically find interest in identifying impact reduction opportu-
nities, particularly those stemming from activities in the life cycle on which they
themselves exert some influence. Similar findings were reported in European
countries where the tradition of using LCA has historically not been that strong
(Kurczewski 2013; Witczak et al. 2014).

4.4 Citizen Perspective

LCA results can also serve as decision support for individuals, be it in their capacity
of citizens or consumers. In many cases, these decisions relate to the private con-
sumption of goods and services. Consumers are knowingly or unknowingly
exposed to LCA results, or conclusions drawn from LCA results, through ecolabels
(see Chap. 24) or other consumer information from producers (e.g. printed on
packaging) and media reporting academic findings, and they hold some power
through their influence in the market of consumer products. Consumer decisions
that may be supported by an LCA can range from choosing the product with the
lowest environmental impact amongst a group of similar products (e.g. the more
environmentally friendly vacuum cleaner), over choosing the most environmentally
sound way of fulfilling a function (e.g. washing dishes by hand or in a dishwasher)
to most effectively reducing the total personal environmental impact (e.g. reduce
meat consumption, hot showers or car driving).

Besides decisions related to private consumption, citizens may also indirectly be
affected by LCA results when following political discussions on large
infrastructure-related decisions where LCA provides the underlying decision sup-
port. For example, municipalities often use LCA to support decisions on waste
management infrastructure (European Commission 2008). If a political decision is
made about increasing recycling and reducing landfilling or incineration, this will
affect citizens, as they will have to sort their waste into recyclable fractions rather
than throw all their waste into the same bin. Chapter 35 deals with the use of LCA
in waste management.

4.5 Concluding Remarks

LCA is an important and useful tool to map environmental impacts and support
policy development and concrete decisions, and for a company it can support the
development of a positive image. There are, however, factors that hamper its more
widespread application. This chapter has mainly addressed LCA applications in
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developed countries because this is where LCA has been applied the most and the
needed data has been most available. However, large differences exist in the
application of LCA between developed and developing countries in terms of both
frequency and incentives. These differences and the challenges that they pose for a
global dissemination of LCA and life cycle thinking are discussed in Chap. 19 on
globalization and mainstreaming of LCA. The next chapter takes a closer look at
the relationship between LCA and sustainable development.
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Chapter 5
LCA and Sustainability

Andreas Moltesen and Anders Bjorn

Abstract LCA is often presented as a sustainability assessment tool. This chapter
analyses the relationship between LCA and sustainability. This is done by first
outlining the history of the sustainability concept, which gained momentum with
the Brundtland Commission’s report ‘Our Common Future report’ in 1987, and
presenting the most common interpretations of the concept, which generally
comprise four dimensions: (1) measures of welfare, (2) inter-generational equity,
(3) intra-generational equity and (4) interspecies equity. The relevance of envi-
ronmental protection for dimensions 2 and 4 is then demonstrated, and the strategy
of LCA to achieving environmental protection, namely to guide the reduction of
environmental impacts per delivery of a function, is explained. The attempt to
broaden the scope of LCA, beyond environmental protection, by so-called life cycle
sustainability assessment (LCSA) is outlined. Finally, the limitations of LCA in
guiding a sustainable development are discussed.

Learning Objectives
After studying this chapter the reader should be able to:

e Explain the most common interpretations of the definition of sustainable
development from Our Common Future.

e Account for the relevance of environmental protection to sustainability.

e Describe the type of sustainability strategy that LCA may support and discuss its
limitations.
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5.1 Introduction

In 1987, the United Nations’ World Commission on Environment and Development
published its report Our Common Future, which is sometimes referred to as the
Brundtland Report after its chairperson, Gro Harlem Brundtland (WCED 1987).
The report was a response; on the one hand to the growing disparity between North
and South and on the other hand to the increased awareness that many of the natural
systems on which we depend were under increasing stress. Development of the
South was seen as urgently needed, but the development had to be achieved in an
environmentally sound way which would allow for a continued thriving of the
world’s population—also in the future. The development in other words had to be
sustainable. While the term “sustainable development” was already introduced in
1980 by the International Union for the Conservation of Nature, the publication of
Our Common Future created a widespread awareness of sustainable development
and provided its most well-known definition: “... development that meets the needs
of the present without compromising the ability of future generations to meet their
own needs”. By coupling the concern for the present and future generations, the
concept of sustainable development, as defined in Our Common Future, provided a
framework for thinking these two increasingly pressing global challenges together
in one immensely influential term.

The ability of present and future generations to meet their needs depends strongly
on the life support functions of the earth and inherent in the definition of sustainable
development is thus a concern for the health of the environment. The development of
LCA can in many regards be seen as stemming from the same concern for envi-
ronmental protection (see Chap. 3). A natural question may therefore be; How does
LCA and sustainable development relate, and to what extent can LCA be used as a
methodology for informing decisions towards sustainability?

To answer these questions we will start by giving an overview of how sus-
tainable development is understood in literature, followed by an analysis of the
possibilities and limitations for LCA to support it.

5.2 What Is Sustainability?

Since the publication of Our Common Future, many different definitions of “sus-
tainable development” or the related term “sustainability” have been presented. In
this chapter we will use these two terms interchangeably, but it should be men-
tioned that in literature, these concepts can be used with different connotations. It is,
for example, sometimes asserted that sustainable development is primarily about
development (sometimes seen as synonymous with economic growth), whereas
sustainability gives priority to the environment. Others have argued that the dif-
ference is rather that sustainable development should be seen as the process or
journey to achieving sustainability.
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Proposals for definitions of sustainable development have been booming after
the publication of Our Common Future, and have added several nuances and
potential modifications to this definition. For example, some have argued against
the one-sided focus on human needs. In the definition of sustainable development
given above, there is little room for considering other living species than humans,
unless these species directly serve as means to meet these human needs. In line with
this, it has been argued that the definition is too narrow, and that other living species
should be considered as well.

Others have debated the word “need”, and suggested several others and in many
regards related words such as “wellbeing”, “utility”, “welfare” and “aspiration”.

Finally, it should be mentioned that the researchers, especially within the eco-
nomic discipline, have omitted the focus on the needs of the present and claimed
that sustainability is simply about ensuring that the total utility or welfare of a
society can be maintained over an infinite time horizon (Pezzey 1992).

Despite these variations, there is a large degree of common ground in definitions
of sustainability. Sustainability can be seen as comprising by the following four
dimensions, with varying emphasis:

1. The first dimension relates to measures of welfare that is to be achieved in the
population comprised by the definition (see Dimensions 2—4). This measure of
welfare comprises several different concepts, such as “need”, “utility”, “hap-
piness” and “aspiration”. Several others can be found in literature.

2. The second dimension relates to the concern for inter-generational equity, i.e. a
concern for the equity in the welfare (as defined by the first dimension) between
this and future generations. In most cases, these future generations comprise
anyone born in the future, i.e. from tomorrow till infinite time has passed. This
concern, together with some version of the first dimension, is found in all
definitions of sustainability.

3. The third dimension relates to intra-generational equity. Within this dimension,
we consider the extent to which the measures of welfare are equally distributed
within a generation both on a macro-scale (i.e. among developed and developing
nations) and on a micro-scale (i.e. the equality within a given nation, region or
local community). As noted above, there is a large difference in the definitions
with regards to whether this dimension is considered at all.

4. The fourth and final dimension relates to interspecies equity, relating to whether
it is only the welfare (however defined) of humans which is a goal, or whether
also the thriving of other living organisms (independent of their potential to
contribute to human welfare) is considered. It should be noted that most defi-
nitions (including the original definition given in Our Common Future) are
anthropocentric (i.e. human centred) and therefore do not include this
dimension.
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5.3 Sustainability and the Environmental Concern

Except from the fourth dimension of sustainability, which is typically not consid-
ered, there is no explicit consideration of environmental conservation in most
definitions of sustainability. It may therefore seem odd that environmental pro-
tection is often seen as being more or less synonymous with sustainability. The
reason should primarily be found in the concern for inter-generational equity. The
rationale behind protecting the environment from a concern for inter-generational
equity is that the natural resources and the services that nature provides are seen as
the foundation for society. Without a functioning environment we will not be able
to cultivate crops, secure clean air, be protected from ultraviolet radiation from the
sun, etc. The idea is thus that protecting the environment is necessary to give future
generations the same possibilities for achieving the levels of welfare that current
generations are experiencing.

Thus, besides the concern for intra-generational equity, which is not ensured
simply by protecting the environment, but which calls for initiatives related to
combating poverty, sustainability includes a concern for environmental protection.
The extent to which the environment should be protected as a condition for the
inter-generational equity dimension of sustainability is, however, not clear-cut.
Clearly, human needs cannot be met if humans cannot breathe due to air pollution
or lack of oxygen. But the more detailed dependency of human needs on specific
functions or qualities of the environment is disputed. For example, will the potential
for meeting human needs be violated if the panda bear becomes extinct? And to
what extent can technology replace the services and functions provided by
ecosystems?

While keeping this discussion in mind, researchers have attempted to quantify
carrying capacities of ecosystemsthat must not be exceeded to maintain functions
and other ecosystem aspects of interest. For example, the carrying capacities of
different terrestrial ecosystems in Europeand elsewhere towards deposition of
acidifying compounds (sometimes termed critical loads) have been calculated
(Hettelingh et al. 2007). At the global scale planetary boundaries have been pro-
posed and tentatively quantified. Planetary boundaries can be interpreted as car-
rying capacities for the entire Earth System towards various anthropogenic
pressures, such as greenhouse gases and interference with nutrient cycles. If
exceeded there is a substantial risk that the Earth System will change from its
well-known and relatively stable state that has characterized the Holocene geo-
logical epoch in the past 12,000 years to an unknown state (Rockstrom 2009;
Steffen et al. 2015a). According to estimates, this exceedance has already happened
for four of the nine proposed planetary boundaries, as shown in Fig. 5.1.

As this chapter is about the role of LCA in the environmental protection needed
to achieve sustainability we will only address the part of the sustainability definition
pertaining to the environment. Chapter 16 addresses the development of what has
been termed Social LCA, addressing the social dimension of sustainability.
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Fig. 5.1 Planetary boundaries. a Illustrates the concept of thresholds and boundaries in relation to
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(two of them subdivided for specific pressures) and that mankind has currently exceeded four of
them, two beyond the zone of uncertainty (Steffen et al. 2015a). Reprinted with permission from
AAAS
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5.4 Sustainability and LCA

If sustainability entails that the environment has to be conserved, the question is
How can we conserve the environment? What are the overall drivers that lead to
environmental deterioration?

These questions were first addressed in Holdren and Ehrlich (1974), whose work
in a modified form lead to the formulation of the so-called IPAT equation, or

I1=PAT (5.1)

where (/) is the environmental impact, (P) is the population, (A) is the per capita
affluence and (7) is the technology factor.

The formula expresses that the overall impact on the environment is controlled
by the number of people on the planet, their affluence, expressed in material
affluence per person, and technology’s environmental intensity, expressed in
environmental impact per material affluence.

Figure 5.2 shows the global development in population and various indicators of
affluence, such as GDP, transportation and paper production, along with indicators
of environmental pressures and impacts from 1750 to 2010. Figure 5.2a shows that
while the world population has almost tripled from 1950 to 2010, all the indicators
of affluence have increased at higher rates, meaning that the per capita affluence
(“A” in the IPAT equation) has increased in the period (note that this increase has
been unequal—income differences between and within countries have increased in
the period). Figure 5.2b shows that the combined effect of an increasing population
and increasing per capita affluence (“P” and “A” in the IPAT equation) has led to
increases in environmental pressure and impacts (“I” in the IPAT equation). This
means that technological improvements in environmental impact per material
affluence (“T” in the IPAT equation) have been insufficient for maintaining envi-
ronmental pressures and impacts at a status quo, let alone for decreasing them.

With the historical development in mind, the IPAT equation shows us that we, in
theory, have three overall knots and handles to manipulate to ensure that loads on
the environment do not exceed carrying capacities. Two of these three parameters,
the number of people and their affluence, have been difficult to handle. In relation to
the number of people, this can either be regulated by increasing mortality or
reducing fertility, and in most parts of the world issues like these are not on the
political agenda. In some parts of the world, for example in the EU, Russia and
Japan, it is even seen as a political aim to increase fertility. However, despite this,
projections show that the world population may stabilize around 10 billion in 2050.

With regards to the affluence, we have already established above that to increase
the intra-generational equity, there is a need for increasing the affluence of the ones
mostly in need. Reducing the overall affluence while increasing the affluence of the
poorest inevitably calls for a decrease in the affluence of the richest part of the world
population which is a difficult program for a political party striving for (re-)election
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Fig. 5.2 Global development in a selection of a socio-economic indicators and b pressures and
impacts on the environment from 1750 to 2010 (Steffen et al. 2015b). Reprinted by Permission of
SAGE Publications, Ltd.

in a liberal democracy as found in most affluent societies today. The “A” in the
IPAT equation above is therefore expected to increase over time.

What is left is the development of technology, which can allow us to regulate the
environmental impact per consumed unit (the ‘7" factor in the IPAT equation). To
increase the output or functionality while keeping a constant environmental impact
corresponds to increasing what is often termed eco-efficiency. According to the
World Business Council of Sustainable Development “eco-efficiency is achieved by
the delivery of competitively priced goods and services that satisfy human needs
and bring quality of life while progressively reducing environmental impacts of
goods and resource intensity throughout the entire life cycle to a level at least in line
with the Earth’s estimated carrying capacity” (WBCSD 2000). By increasing the
eco-efficiency of existing products and technologies, the idea is thus that we will be
able to consume the same, or more, while at the same time lowering the overall
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As outlined in the chapters above, and as will be further detailed in the
remaining parts of this book, LCA shows how a specific functionality can be
achieved in the most environmentally friendly way among a predefined list of
alternatives, or in which parts of the life cycle it is particularly important to improve
a product to reduce its environmental impacts, in other words, increase its
eco-efficiency. LCA can therefore be seen as a methodology that can guide deci-
sions towards improving one of the three dimensions in the IPAT equation, namely
the technology (“7”’) dimension.
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5.5 A Note on Life Cycle Sustainability Assessment

It has been proposed to expand LCA into life cycle sustainability assessment
(LCSA) to also encompass socialand economic aspects, in addition to environ-
mental aspects of sustainability when analysing product life cycles (Kloepffer 2008;
Zamagni 2012). The idea of LCSA builds on the so-called “three pillars” (or three
dimensions) interpretation of sustainability, according to which sustainability is
composed of an environmental, social and economic pillar. This interpretation
gained momentum with the concept of the “Triple bottom line” by Elkington
(1997), who proposed that businesses should manage environmental, social and
economic aspects of sustainability in the same quantitative way that financial
aspects are typically managed inaccounting. Accordingly, Kloepffer (2008) pro-
posed the following scheme for LCSA:

LCSA = LCA +LCC + SLCA (5.2)

LCC is an abbreviation for life cycle costingwhich aims to quantify all costs
associated with the life cycle of a product that is directly covered by one or more of
the actors in that life cycle. S-LCA is an abbreviation for social life cycle assess-
ment, which has the goal of assessing the social impacts of a product over its life
cycle. LCC and S-LCA are detailed in Chaps. 15 and 16 of this book. An important
requirement of LCSA is that the three pillars of sustainability must be assessed
using the same system boundaries, i.e. that the same elements of a product life cycle
are considered in all three assessments (Kloepffer 2008) (see Chap. 8, for an
elaboration on system boundaries).

While LCSA is much less mature than LCA and there is a little agreement of
how to actually perform it, two fundamental aspects of LCSA deserve highlighting
in this chapter:

1. LCSA seems to be based on the assumption that sustainability is something that
can be balanced between an environmental, social and economic dimension.
This is hinted by the scheme proposed by Kloepffer (2008), according to which
a decrease in one sustainability dimension (e.g. environmental) can be com-
pensated by an increase in another dimension (e.g. social). This conflicts with
the concept of carrying capacity, according to which the meeting of human
needs depends on a minimum level of environmental protection, as mentioned
in Sect. 5.2. In our view it would therefore be misleading to assess a product
that has a relatively good performance in an LCC and an S-LCA, but a relatively
poor performance in an LCA, to be overall sustainable, because the bad per-
formance in an LCA may be contributing to the exceedances of carrying
capacities, which in the long term threatens the meeting of human needs and
thus social (and economic) sustainability. This perspective is reflected by a
popular quote, attributed to Dr. Guy McPherson: “If you really think that the
environment is less important than the economy, try holding your breath while
you count your money”’ (McPherson 2009).
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2. LCSA includes an economic dimension of sustainability. This is consistent with
the common “three pillar” interpretation of sustainability, but it can be ques-
tioned how relevant LCC is for sustainability assessments. This is because the
costsquantified by LCC are only relevant to sustainability if these costs apply to
the poor, which are of concern to the intra-generational equity dimension of
sustainability (Jergensen et al. 2013). Yet, quantifying the monetary gains or
losses for the poor is already an aspect commonly included in S-LCA (see
Chap. 16).

5.6 Limitations to the Strategy for Achieving
Sustainability Through LCA

Even though LCA gives us the very valuable possibility of choosing the most
eco-efficient way of achieving a specific functionality or service, this approach has
some important limitations in regards to ensuring (environmental) sustainability.

Following the IPAT equation, and knowing the projections for the population
growth and the goals for the increase inaverage affluence, it has been estimated that
a factor 4, or higher, increase in the eco-efficiency of technologies or products is
needed just to ensure a status quo with regards to our impacts on the environment
(Reijnders 1998). But as shown in Fig. 5.1, status quo, with regards to some
environmental impacts, is not good enough if we are to guarantee a sustainable
development, because a number of planetary boundaries have already been
exceeded. For some technologies and products an increase in “7T”’ closer to a factor
10 may therefore be required.

It is evident that a factor of 10 increase in the eco-efficiency of technologies or
products in many cases will be difficult to achieve. For example, even the most
eco-efficient cars are far from a factor 10 more efficient than the average car, both
regarding energy consumption during use and material consumption during pro-
duction (Girod et al. 2014). In other cases, however, a factor 10 increase in the
eco-efficiency of products has been achieved in isolated areas. Freon and other
ozone depleting gases used in for example refrigerators have more or less been
phased out as a result of the Montreal Protocol, leading to an eco-efficiency increase
on this isolated area, far better than a factor of 10 (WMO 2014).

However, one thing is to increase the eco-efficiency of the product, another is
how we administer the gains achieved through the increased efficiency. History has
demonstrated that the level of services that we want from products and technologies
is not static. As soon as new possibilities evolve we tend simply to expand our
wants and expectations (which might not be the same as needs, depending on the
interpretation of sustainability). Evidence suggests that increases in eco-efficiencies
in some cases due to changes in wants and expectations lead to so-called “rebound
effects”. An example of a rebound effect could be if an increase in eco-efficiencyof
the car engine leads the producer to increase the power of the motor, add extra
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comfort to the car, or if costumers travel longer distances due to an improved fuel
economy, reducing or eliminating the effect of the increase in eco-efficiency.
Another example is seen in the lighting technologies: Since the light bulb was
invented there has been an enormous increase in the energy efficiency, which has
equally lead to a dramatic decrease in the price of light. But as our appetite for more
light seems insatiable this increase in eco-efficiency has been met by a corre-
sponding increase in demand—with no signs of saturation. In fact, it has been found
that the fraction of GDP spent on light has remained almost constant, close to 1%
over the last three centuries in the UK and that this fraction is similar in other
countries spanning diverse temporal, geographic, technological and economic cir-
cumstances (Tsao and Waide 2010).

In sum, this implies that while LCA may help identify the most eco-efficient
solution among a range of alternatives, the actual eco-efficiency that we may
achieve through redesign and technological inventions is in many cases insufficient.
Furthermore, the increases that are gained in eco-efficiency on the product or
technology level may be counterbalanced by increases in demand. Impacts on the
environment quantified using LCA can be put into a sustainability perspective by
relating them to environmental carrying capacities (Bjorn et al. 2015). This can
facilitate an absolute evaluation of whether a studied product can be considered
environmentally sustainable, and if not, how much further environmental impacts
must be reduced for this to come true. Such an absolute perspective can comple-
ment the common relative perspective of LCA which is about identifying the
product system that is better for the environment, but that might not be good
enough from a sustainability perspective.

Yet, even when an absolute perspective is taken LCA cannot, by itself, cover all
relevant aspects of sustainability. Many sustainability researchers have argued that
the narrow focus on eco-efficiency simply will not suffice. They propose that we
have to look at the necessity of the services, and not only at providing the services
in the most eco-efficient way. In other words, these researchers talk about the
necessity to adjust the “A”, the affluence, in the IPAT equation. In this relation, the
LCA falls short—it is a tool to find the most eco-efficient way to deliver this service
among a list of predefined alternatives—not a tool for identifying the importance of
various services.

Increases in eco-efficiency are high on the agenda in many companies, not least
because of the often accompanying cost reductions, and on this journey there is no
doubt that the LCA will be an invaluable tool to show the way. However, at the
same time, we have to be open to the possibility that we may need to discuss not
only how different services should be provided, but also the more sensitive and
political question—whether a service should be provided at all, if we are to ensure
that the future generations are given the same possibilities for meeting their needs as
we were given.
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Chapter 6
Introduction to LCA Methodology

Michael Z. Hauschild

Abstract In order to offer the reader an overview of the LCA methodology in the
preparation of the more detailed description of its different phases, a brief intro-
duction is given to the methodological framework according to the ISO 14040
standard and the main elements of each of its phases. Emphasis is on the iterative
nature of the LCA process with its many feedback loops between the different
phases. It is explained how the integrated use of sensitivity analysis helps identify
key assumptions and key data and thus ensure effectiveness by directing the focus
of the LCA practitioner to those parts of the study where additional work con-
tributes most to strengthen the results and conclusions of the study.

Learning Objectives
After studying this chapter, the reader should be able to

e Draw and explain the methodological framework for LCA.
Present an overview of the phases of LCA, their purpose and main elements.
Explain the iterative nature of LCA and its rationale in terms of helping the LCA
practitioner focus on what matters most for the results and conclusions of the
study.

6.1 Introduction

As described in Chap. 3, the need for agreement on common principles for how to
perform an LCA was realised back in the 1980s. An international discussion of
methodological issues took off around 1990 under the auspices of SETAC leading
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to publication of state-of-the-art reports and codes of conduct for different parts of
the LCA methodology throughout the 1990s and feeding into the standardisation
process that went on in parallel. Although many methodological aspects are still
under discussion and development continues today, the fundamental structure has
been stable since the appearance of the first ISO 14040 standard in 1997, and it is
also applied in major LCA methodologies like the CML (Guinée 2002), EDIP97
(Wenzel et al. 1997), and by the ILCD guidelines from the EU Commission
(EC-JRC 2010).

The methodology chapters in Part II of this book give a detailed presentation of
the LCA methodology structured according to the ISO framework and referring to
the recommendations and requirements given by the ILCD guidelines. References
are not given consistently to these sources throughout the chapters but unless
otherwise mentioned, they are the basis of the presented methodology.

The European ILCD guidelines for LCA (EC-JRC 2010) are strongly founded in
the framework and methodological requirements of the ISO LCA standards (ISO
2006a, b) but they go further and offer methodological guidance at a much more
detailed level than the standards do. They are the outcome of a comprehensive
consultation process involving hearings of experts and stakeholders, and on this
basis, we have chosen them as a useful reference for discussing LCA methodology
and specifying methodological choices. In Chap. 37 the most important method-
ological actions and requirements of the ILCD guideline are presented in the form
of a cookbook or checklist that you can refer to as a reference methodology to
follow, or to deviate from at specific and transparently documented points of the
methodology.

6.2 The Phases of LCA

We begin in this introductory chapter with a brief description of the main
methodological phases and the way in which their results are assessed and refined in
a focused iterative process. This will give you an overview of the methodology
before you dig into the details and peculiarities of its different phases and elements,
and it will introduce you to the iterative approach, which is fundamental for per-
forming a successful LCA.

As illustrated in Fig. 6.1, the ISO standard distinguishes the methodological
framework of LCA from its different applications, which are multiple such as
product development, Ecolabelling, carbon footprint and other footprints (see
Part IIT of the textbook for examples). Applications of LCA are treated in separate
publications from the standard organisation. The LCA framework operates with
four separate phases, Goal and scope definition, Inventory analysis, Impact
assessment and Interpretation.



6

Introduction to LCA Methodology 61
Goal e
definition "
Scope Direct applications:
definition D

« product development
. > and improvement

i T Interpretation « strategic planning

« public policy making

Inventory > » marketing
analysis f—| - other
Impact »

assessment D

Fig. 6.1 Framework of LCA modified from the ISO 14040 standard

6.2.1 Goal and Scope Definition

An LCA starts with a well-considered and deliberate definition of the goal of the
study (see Chap. 7). Why is this study performed? Which question(s) is it intended
to answer and for whom is it performed? The goal definition sets the context of the
LCA study and is the basis of the scope definition (see Chap. 8) where the
assessment is framed and outlined in accordance with the goal definition, primarily
in terms of

Defining the functional unit: a quantitative description of the function or service
for which the assessment is performed, and the basis of determining the refer-
ence flow of product that scales the data collection in the next LCA phase, the
inventory analysis.

Scoping the product system, deciding which activities and processes belong to
the life cycle of the product that is studied.

Selecting the assessment parameters, i.e. the impacts that shall be assessed in the
study.

Selecting the geographical and temporal boundaries and settings of the study
and the level of technology that is relevant for the processes in the product
system.

Deciding the relevant perspective to apply in the study: should it be a conse-
quential study assessing the impacts that can be expected as a consequence of
choosing one alternative over another, or should it be an attributional study
assessing the impacts that are associated with the studied activity?

Identifying the need to perform critical review, in particular if the study is a
comparative assertion intended to be disclosed to the public.
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The goal definition and the ensuing scope definition are very important to
consider when the results of the study are interpreted since these definitions involve
choices that determine the collection of data and the way in which the system is
modelled and assessed. They therefore have a strong influence on the validity of the
conclusions and recommendations that are based on the results of the LCA.

6.2.2 Inventory Analysis

Following the definition of goal and scope, the inventory analysis collects infor-
mation about the physical flows in terms of input of resources, materials,
semi-products and products and the output of emissions, waste and valuable
products for the product system (see Chap. 9). The analysis studies all the processes
that were identified as belonging to the product system, and the flows are scaled in
accordance with the reference flow of product that is determined from the functional
unit. Due to the comprehensiveness of most product systems, the inventory analysis
often relies on generic data for many processes originating from databases with unit
processes or cradle-to-gate data, presenting the in- and output flows for one unit
process, e.g. for production of a material, generation of heat or electricity, trans-
portation or waste management. Environmentally extended input—output analysis
can be used to support and qualify the collection of inventory data as discussed in
Chap. 14.

The outcome of the inventory analysis is the life cycle inventory, a list of
quantified physical elementary flows for the product system that is associated with
the provision of the service or function described by the functional unit.

6.2.3 Impact Assessment

Taking the life cycle inventory as a starting point, the impact assessment translates
the physical flows and interventions of the product system into impacts on the
environment using knowledge and models from environmental science (see
Chap. 10). The impact assessment consists of five elements of which the first three
are mandatory according to the ISO 14040 standard:

1. Selection of impact categories representative of the assessment parameters that
were chosen as part of the scope definition. For each impact category, a rep-
resentative indicator is chosen together with an environmental model that can be
used to quantify the impact of elementary flows on the indicator.

2. Classification of elementary flows from the inventory by assigning them to
impact categories according to their ability to contribute by impacting the
chosen indicator.
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3. Characterisation using environmental models for the impact category to
quantify the ability of each of the assigned elementary flows to impact the
indicator of the category. The resulting characterised impact scores are
expressed in a common metric for the impact category. This allows aggregation
of all contributions into one score, representing the total impact that the product
system has for that category. The collection of aggregated indicator scores for
the different impact categories (each expressed in its own metric) constitutes the
characterised impact profile of the product system.

4. Normalisation is used to inform about the relative magnitude of each of the
characterised scores for the different impact categories by expressing them
relative to a common set of reference impacts—one reference impact per impact
category. Often the background impact from society is used as a reference. The
result of the normalisation is the normalised impact profile of the product system
in which all category indicator scores are expressed in the same metric.

5. Grouping or weighting supports comparison across the impact categories by
grouping and possibly ranking them according to their perceived severity, or by
weighting them using weighting factors that for each impact category gives a
quantitative expression of how severe it is relative to the other impact categories.
Quantitative weighting allows aggregation of all the weighted impact scores into
one overall environmental impact score for the product system, which may be
useful when the results of the LCA are used in decision support together with
other condensed information like the economic costs of the alternatives.

The main focus of this book is the traditional environmental LCA focusing on
the environmental impacts of the product system, but for sustainability assessment,
also social and economic impacts need to be considered. For these other dimensions
of sustainability, a life cycle perspective is as relevant as it is for the environmental
dimension and in a life cycle sustainability assessment (LCSA—See Chap. 5) they
may be addressed through a social LCA (S-LCA) and a life cycle costing analysis
(LCCQ). Both of these assessment techniques have their own distinct methodological
foundation which shares the fundamental framework of environmental LCA but has
many distinct elements in all phases of the methodology as introduced in Chaps. 15
(LCC) and 16 (S-LCA).

Interpretation The results of the study are interpreted in order to answer the
question(s) posed as part of the goal definition (see Chap. 12). The interpretation
considers both results of the inventory analysis and the impact assessment elements
characterisation and, possibly, normalisation and weighting. The interpretation
must be done with the goal and scope definition in mind and respect the restrictions
that the scoping choices impose on a meaningful interpretation of the results, e.g.
due to geographical, temporal or technological assumptions.

Sensitivity analysis and uncertainty analysis are applied as part of the inter-
pretation to guide the development of conclusions from the results, to appraise the
robustness of the conclusions, and to identify the focus points for further work in
order to further strengthen the conslusions.
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6.3 The Iterative Nature of LCA

In Fig. 6.1 a number of arrows indicate that rather than a linearly proceeding
process, LCA involves many feedback loops between the different phases of the
LCA. Insights from the impact assessment are used in refining the inventory
analysis and insights from both of these phases may feed back to the scope defi-
nition, e.g. in the setting of the boundaries of the product system, what to include
and what to exclude. Sensitivity and uncertainty analysis are thus not just per-
formed in the interpretation at the end but throughout the study as part of both
inventory analysis and impact assessment in order to identify the key figures or key
assumptions of the study and the data that are associated with the largest uncer-
tainties (see Chap. 11). Each phase of the methodology provides feedback to the
previous phases of the study and helps target the next iteration of the LCA. The best
precision is obtained with minimum work effort if the focus is on improving the key
figures wherever possible and needed, and on reducing the largest uncertainties.

In practice, the first iteration will often be a screening that covers the full life
cycle, but in terms of inventory data largely is based on easily accessible data from
available databases. Following the impact assessment, the parts of the product
system that contribute most strongly to the total results can be identified, and the
chosen boundaries of the product system can be tested. As a consequence, the
scoping may have to be refined. The impact assessment results also allow identi-
fying those inventory data or assumptions made in the inventory analysis that have
the largest influence on the overall results or for which the uncertainties are so large
that they potentially could be key figures. These data should be the target of the
next iteration, where effort should be focused on testing and refining these
assumptions or data and get more representative or recent data. Based on the revised
inventory a new impact assessment is performed, and the sensitivity analysis is
performed once more to see which are now the key figures and key assumptions.
Large uncertainties may also accompany the factors applied in the characterisation
of some of the inventory flows in the impact assessment, and if the sensitivity
analysis indicates that such uncertainties may have a decisive influence on the
results, these factors will also be the target of a consecutive iteration. Figure 6.2
illustrates the iterative approach to performing an LCA.

As illustrated by the narrowing spiral in Fig. 6.2, the uncertainty of the LCA
results is reduced through the repeated iterations, and these are carried on until the
remaining uncertainty of the results is sufficiently small to meet the goal of the
study. If the goal is to identify which among several alternatives has the lowest
environmental impacts, the number of needed iterations may be low if the alter-
natives show large differences in their impacts, while a higher number of iterations
will be needed if the alternatives are more similar. An LCA performed to support an
environmental product declaration with a general requirement to the uncertainty of
the impact scores can require a high number of iterations before all impact scores
are determined within the stipulated level of uncertainty.
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Fig. 6.2 Using sensitivity LCI 1
analysis and uncertainty
analysis as integrated tools,
the phases of the LCA
methodology are repeated
with focus on improving and
strengthening the identified
key figures and assumptions
in consecutive iterations until
the strength of the conclusions
meets the requirements posed
by the goal and scope
definition
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With this overview of the LCA framework, its interconnected phases and how
iteration is used to ensure effectiveness when performing an LCA, you are now
prepared for diving into the intricate details of the many elements of the LCA
methodology. Enjoy!
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Chapter 7
Goal Definition

Anders Bjorn, Alexis Laurent, Mikolaj Owsianiak
and Stig Irving Olsen

Abstract The goal definitionis the first phase of an LCA and determines the
purpose of a study in detail. This chapter teaches how to perform the six aspects of a
goal definition: (1) Intended applications of the results, (2) Limitations due to
methodological choices, (3) Decision context and reasons for carrying out the
study, (4) Target audience, (5) Comparative studies to be disclosed to the public and
(6) Commissioner of the study and other influential actors. The instructions address
both the conduct and reporting of a goal definition and are largely based on the
ILCD guidance document (EC-JRC in European Commission—Joint Research
Centre—Institute for Environment and Sustainability: International Reference Life
Cycle Data System (ILCD) Handbook—General Guide for Life Cycle Assessment
—Detailed Guidance. Publications Office of the European Union, Luxembourg
2010).

Learning Objectives
After studying this chapter, the reader should be able to:

e Define the goal of any LCA study.
e Explain the six goal aspects and their relevance for the subsequent LCA phases.
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7.1 Introduction

The goal definitionis the first phase of any LCA. Here, the purpose of the study is
elaborately defined and described. This greatly influences the LCA because deci-
sions made in later LCA phases (Chaps. 8—12) must be consistent with the goal
definition. The influence may also go the other way, for example, if unforeseen data
limitations in the inventory analysis (Chap. 9) necessitate a revision of the goal
definition. Such a revision is an example of the iterative nature of LCA (see Chap. 6).

The goal definition based on the ISO standard requirements generally contains
six aspects:

. Intended applications of the results

. Limitations due to methodological choices

. Decision context and reasons for carrying out the study
. Target audience

. Comparative studies to be disclosed to the public

. Commissioner of the study and other influential actors.

(o)W N I S R

Each aspect must be considered when performing an LCA. Aspects 1 and 3 are
central for doing an LCA because they have pervasive influence on decisions made
in later LCA phases. On the other hand, aspects 2, 4, 5 and 6 mainly relate to
communicating the results of an LCA. For these aspects, we further refer to
Chaps. 13, 37-39, which provide specific guidance on and examples of the
reporting and reviewing of LCA results.

7.2 Intended Applications of the Results

All LCAs involve studying one or more product systems and this can be used in
several applications, such as

e Comparing environmental impacts of specific goods or services.

e Identifying the parts of a product system that contribute most to its environ-
mental impact (i.e. “hot spot identification”, focusing in product development).

e Evaluating improvement potentials from changes in product designs(analysis
and ‘what-if” scenarios in eco-design).

e Documenting the environmental performance of products (e.g. in marketing
using environmental product declarations or other types of product environ-
mental footprints).

e Developing criteria for an eco-label.

e Developing policies that consider environmental aspects.

It is important to determine the intended application(s) of the LCA results at the
onset, because it influences later phases of an LCA, such as the drawing of system
boundaries (Chap. 8), sourcing of inventory data (Chap. 9) and interpretation of
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results (Chap. 12). Often, several separate applications are intended in a study. For
example, the intended applications of the results of the illustrative case on window
frames in Chap. 39 were both to benchmark a new window design against three
windows already on the market and to identify hot spots in the life cycle of the
compared windows with the aim of guiding future impact reduction efforts.

7.3 Limitations Due to Methodological Choices

This aspect can be seen as a critical reflection of what the LCA results can and
cannot be used for. If a study only covers climate change (often referred to as a
“carbon footprint” study) it is, for example, important to stress that results cannot be
used to claim a general environmental superiority of a studied product or conclude
anything about its overall “environmental friendliness”. Also, if a comparative
study disregards one or more life cycle stages, it is important to stress how that
limits the interpretation of results. For example, a study comparing the production
of 1 tonne aluminum to the production of 1 tonne steel from mining to ingot cannot
be used to identify the environmentally soundest material for use in a car, because
the density difference of the two metals leads to differences in the amount of metal
used for the car body and differences in the car mileage (fuel consumption per
kilometre), causing different environmental impacts in the use stage and finally also
in the disposal stage. In the illustrative window frame case study (Chap. 39) a stated
limitation of the study was that a site-generic LCIA approach was taken in spite of
impacts being concentrated around Scandinavia, where the natural environments,
for some impact categories, do not correspond to the global average (e.g.
Scandinavian soils show a higher sensitivity to depositions of acidifying com-
pounds). Note that the limitations stated here should only relate to the choices made
in the goal and scope phases of an LCA (this chapter and Chap. 8). These choices
all relate to the planning and use of an LCA. On the contrary, choices made during
the inventory and impact assessment phases of an LCA (Chaps. 9 and 10) relate to
unforeseen constraints and assumptions (for example with respect to data avail-
ability) and must be documented at a later point in an LCA report, for example, in
the inventory analysis part (Chap. 9) or in the interpretation part of a report (see
Chap. 12).

7.4 Decision Context and Reasons for Carrying Out
the Study

This is an important aspect of the goal definition because it strongly influences the
appropriate elaboration of a life cycle inventory (Chap. 9). First, the reasons for
carrying out a study must be understood. The reasons should be clearly connected
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Intended application Reasons for carrying out the study

Comparative assertion of the overall Support decision on lgovernmental
: : . recommendations for
environmental impacts associated .
. . ) ) : environmentally preferred future
with nation-wide recycling (Option 1)

or incineration (Option I1) of all used handllng‘of paper waste from
. . . commercial and governmental
office paper in Australia

offices in Australia

Fig. 7.1 Example of reasons for carrying out a study in continuation of the intended application

to the intended application of results (Sect. 7.2) and specifically address drivers and
motivations with respect to decision-making. Figure 7.1 provides an example of
reasons for carrying out a study in continuation of the intended applications.

Note that there is some ambiguity about the differences between “Intended
application” and “Reasons for carrying out the study” in the ILCD guideline. As a
rule of thumb the former should describe what a study does, while the latter should
address why a study is made. The reasons for carrying out at study help under-
standing its decision context. In the example shown in Fig. 7.1 the study is moti-
vated by a need for decision supporton governmental recommendations of paper
waste handling. This means that the results and recommendations of the study can
be expected to lead to changes in the analysed system. These changes may, in turn,
lead to so-called “structural changes” in other systems that the studied product
system interacts with. A structural change occurs when a change in one product
system has such a large influence on the demand for a good or a service that it leads
to new equipment being installed (increase in production capacity) or existing
equipment being prematurely taken out of use (decrease in production capacity). As
a rule of thumb, structural changes can be assumed to take place if the analysed
decision leads to an additional demand or supply of a product that exceed the
average percentage of annual replacement of total capacity (100% divided by the
average equipment lifetime in years, e.g. 20). Structural changes result in qualitative
and quantitative differences of industries and this must be considered in the
inventory modelling (Chap. 9). In combination the above considerations help
identify three different decision context situations and any LCA should be classified
into one of these as part of the goal definition. Box 7.1 presents these three decision
contexts and Fig. 7.2 presents a decision tree for how to determine the correct
decision context of an LCA study.

Box 7.1 The Three Types of Decision Contexts

Situation A (Micro-level decision support): The study results are intended
used to support a decision, but the small scale of the studied product system
means that regardless the decision made, it will not cause structural changes
in the systems that the studied product system interacts with. Many studies
that intend to compare individual product systems, identify hotspots within
these (see Sect. 7.2) or document the environmental performance of a product
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in the form of an environmental product declaration fall into this decision
context. The decision support of the LCA study may lead to limited changes
in other systems, e.g. a reduced demand for electricity, but the changes are
not of a structural nature, e.g. no electricity production equipment will be
prematurely taken out of use.

Situation B (Meso/macro-level decision support): The study results are
intended used to support a decision, and the scale of the studied product
system is such that the decisions that are made are expected to cause struc-
tural changes in one or more processes of the systems that the studied product
system interacts with. An example of a study that would be classified as
belonging to this type of decision context is a study intended as decision
support for policy development on potential nationwide substitution of diesel
derived from oil with biodiesel for private cars. Such a decision will lead to
structural changes in the biodiesel industry in the form of new equipment
being installed to respond to the substantially increased demand for biofuels.

Situation C (Accounting): The study is not to be used to support deci-
sions and is of a purely descriptive nature. It is documenting what has already
happened, or what will happen due to a decision that has already been taken.
Therefore, the presence of the LCA study will not lead to changes (small or
structural) on other systems. Interactions with other systems (whether taking
place in the past or in the future), e.g. through energy generated from waste
incineration, can either be included in the product system model (Situation
C1) or considered partially in the LCA through allocation (see Chap. 8)
(Situation C2). C1 is used unless C2 is specifically prescribed by the com-
missioner’s goal of the study.

Any decision to be
taken from the LCA
results?

Yes No

v v

Are there any large-
scale consequences
on some processes of
the background
system?

Yes | No Yes | No

Fig. 7.2 Decision tree for how to identify the correct decision context

Are interactions with
other systems
included in the

model?
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Figure 7.2 shows that the identification of the decision context depends on:

e Whether the study is intended as decision support

e Whether structural changes in interacting systems are expected from a decision
supported by the study.

e Whether it is chosen to model interactions with other systems as part of the
product system model or to handle them partially through allocation (see
Chap. 8).

In the illustrative case of the window frames, the reason to carry out the study
was to attract environmentally conscious consumers, through the use of an eco-label
that the LCA results would help obtain. The study is thus to be used for decision
support, but since it is concerned with a single product, this decision support is not
expected to lead to structural changes in other systems. The decision context of the
study is therefore Situation A (Micro-level decision support).

7.5 Target Audience

The goal definition must state the target audience of the study, i.e. to whom the
results of the study are intended to be communicated. The target audience may be
consumers, consumer organisations, companies (managers, product developers,
etc.), government, NGOs and others. The target audience greatly influences the
extent to which details of the study should be documented, the technical level of
reporting (Chap. 8) and the interpretation of results (Chap. 12). In the illustrative
window frame case study, the employees of the window producer NorWin’s envi-
ronmental and design departments are the target audience. Since this audience is
unfamiliar with LCA, the content of the report was presented pedagogically by
explaining technical terms that the readers could not be expected to be familiar with.
When the readers are unfamiliar with LCA it may also be appropriate to provide brief
background information about LCA of the type given in Chap. 2 of this book.

7.6 Comparative Studies to Be Disclosed to the Public

The goal definition should explicitly state whether the LCA study is of a com-
parative nature (see Sect. 7.2) and if it is intended to be disclosed to the public. If
this is the case, the ISO standard specifies a number of requirements on the conduct
and documentation of the study and an external review process, due to the potential
consequences that the communication of the results of the study may have for
external companies, institutions, consumers and other stakeholders. The ISO
requirements are detailed in Chap. 8 and are basically meant to ensure transparency
and good quality of a study.
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7.7 Commissioner of the Study
and Other Influential Actors

The goal definition should also explicitly state who commissioned the study, who
financed it (usually the commissioning organisation) and other organisations that
have influence on the study, including those of the LCA experts conducting the
study. This step of the goal definition is meant to highlight potential conflicts of
interest to readers of the study. Such conflict of interest may occur if a key provider
of data has an economic interest in particular LCA results and interpretations. In
comparative studies, it may also lead to an unintentional bias of the data collection.
The commissioner of the study will normally provide data that is up to date and
reflects the current performance of the technology for the commissioner’s own
product. In contrast, the data collection for the other product(s) in the comparison
will typically have to be based on literature and databases and hence, due to the
delay involved in publishing the data, represent the state of the art several years ago.
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framework and handling of multifunctional processes, (4) System boundaries and
completeness requirements, (5) Representativeness of LCI data, (6) Preparing the basis
for the impact assessment, (7) Special requirements for system comparisons, (8) Critical
review needs and (9) Planning reporting of results. The instructions relate both to the
performance and reporting of a scope definition and are largely based on ILCD.
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8.1 Introduction

The scope definition determines what product systems are to be assessed and how
this assessment should take place. Together with the goal definition (Chap. 7) the
scope definition serves as a firm guide for how the ensuing LCA phases should be
performed (Inventory analysis, Impact assessment and Interpretation, including
uncertainty and sensitivity analysis) and for how the LCA should be reported. An
overarching aim of the scope definition is to ensure and document the consistency
of methods, assumptions and data and strengthen the reproducibility of the study.
A scope definition consists of the following nine scope items:

. Deliverables

. Object of the assessment

. LCI modelling framework and handling of multifunctional processes
System boundaries and completeness requirements

. Representativeness of LCI data

Preparation of the basis for the impact assessment

. Special requirements for system comparisons

. Needs for critical review

. Planning reporting of results.

NI - NV NI

Each item must be considered when performing an LCA. Items 2—6 are central
for doing an LCA because these have a pervasive influence on decisions made in
later LCA phases. Aspects 1, 7, 8 and 9 mainly relate to reporting and commu-
nicating an LCA study. For these items, we further refer to Chaps. 13, 37-39,
which provide specific guidance on the reviewing and reporting of LCAs. Note that
the aspect of data quality requirements, which ILCD proposes as a separate scope
item, is here considered under scope items 4 and 5.

8.2 Terminology and Key Concepts

Before explaining the nine scope items, we present the terminology and key con-
cepts that are used in this chapter.

8.2.1 Unit Process and Flows

A unit process is the smallest element considered in a life cycle inventory model
(see below) for which input and output data are quantified. Unit processes can
therefore be considered the building blocks of a life cycle inventory model that are
“glued together” by input and output data, which can be organised into six cate-
gories of physical flows:
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Input flows:

. Materials
. Energy
3. Resources

DN =

Output flows:

4. Products
. Waste to treatment
6. Emissions.

9}

Figure 8.1 shows a unit process of steel sheet rolling with an example of flows
for each of the six categories.

In practice, a unit process can represent a single process, e.g. the rolling of steel,
but it can also represent an entire facility that contains many different processes, e.g.
a slaughterhouse, if this offers the sufficient level of detail for the inventory mod-
elling. The latter type of unit process may be physically subdivided into two or
more new unit processes in a life cycle inventory model, see Sect. 8.5.4. Generally,
unit processes do not gain or lose mass over time and the sum of all input flows-
should therefore be equal to the sum of all output flows at the level of elements (e.g.
copper) and in aggregation.

Output flows belonging to the product or waste to treatment categories from one
unit process can act as input flows belonging to the categories materials and energy
for other unit processes and this is how unit processes are linked in a life cycle
inventory model. By comparison, resources and emission flows are not exchanged
between unit processes. They are referred to as elementary flows, and defined by
ILCD (using a slight modification of the ISO definition) as “single substance or
energy entering the system being studied that has been drawn from the ecosphere
without previous human transformation, or single substance or energy leaving the
system being studied that is released into the ecosphere without subsequent human
transformation”. The ecosphere can be understood as “the environment” and is
elaborated below. Note that a single substance should be seen as an ideal and that
some elementary flows in existing LCA practice are heterogeneous materials (such

Materials f \ Product
Ex: Steel, unalloyed Steel sheet
L

Energy
Ex: Electricity

v

Waste to treatment

Unit process: - °
Ex: Mineral oil

Steel sheet rolling

Resources Emissions 3
i Ex: Water Ex: Particulates to air ]

v

Elementary flows

Fig. 8.1 The unit process of steel sheet rolling and examples of flows. The actual unit process
contains 86 flows [inspired by: ecoinvent v3 (Weidema et al. 2013)]
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as the elementary flow bauxite which contains different minerals, some of which,
e.g. AlI(OH);, are sources of aluminium) or cover a group of individual substances
(such as the elementary flow VOCs, volatile organic compounds).

What makes resource flows differently from material and energy flows is that
they have been “drawn from the ecosphere without previous human transforma-
tion”. This means that resource flows are not outputs from other unit processes. In
the steel sheet example of Fig. 8.1, the resource flow “water” may be sourced
directly from a river close to the location of the steel sheet rolling process (i.e. no
previous human transformation), whereas unalloyed steel (a material flow) is the
product flow of another unit process and acts as a material flow to the steel sheet
rolling unit process. Also, in the example of a unit process composed of an entire
slaughterhouse, solar influx may be harvested directly in photovoltaic panels on the
roof of the slaughterhouse to produce electricity and the solar influx is then a
resource flow to the unit process because it has not undergone a previous human
transformation. If the slaughterhouse instead was purchasing electricity from the
grid, this electricity would be an energy flow to the slaughterhouse unit process
because it has undergone previous human transformation, meaning that it is a
product flow of another unit process (e.g. a coal-fired power plant). Similarly, what
makes emission flows differently from waste flows is that they are “released into the
ecosphere without subsequent human transformation”. This means that emissions
are not inputs to other unit processes. In the steel sheet example shown in Fig. 8.1,
particulates (emission flow) are emitted directly into the air, whereas mineral oil
will go through treatment, i.e. be a material input for another unit process. Chapter 9
will further explain how these concepts are used to model an LCIL

8.2.2 The Technosphere and the Ecosphere

LCA divides the world into a technosphere and an ecosphere, see Fig. 8.2.

The technosphere can be understood as everything that is intentionally “man-
made” and also includes processes that are natural in origin, but manipulated by
humans, such as photosynthesis when part of an agricultural system. All unit
processes of an LCI model belong to the technosphere.

The ecosphere is sometimes referred to as “the environment” or “nature” in
layman’s terms and can be understood as everything which is not intentionally
“man-made”. In the ecosphere reside those qualities that LCA has been designed to
protect, i.e. ecosystems, human health and resource availability. These qualities are
called Areas of Protection or damage categories in the field of LCA (see Chap. 10).
Changes to the ecosphere can be considered unintentional “man-made” conse-
quences of activities in the technosphere. Note that the ecosphere also undergoes
natural changes, for example, via ice age cycles or natural ecological successions,
which means that it can be difficult to choose an appropriate natural reference state
against which human impacts should be measured, see Chap. 10.
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Fig. 8.2 Division between ecosphere and technosphere for a generic product system. Elementary
flows are represented by blue arrows, while flows within the technosphere are in black

Elementary flows are per definition the only flows that go across the boundary
between the technosphere and the ecosphere (see Sect. 8.2.1) and it is because of
these flows that the Areas of Protections are potentially impacted by the product
systems assessed in LCA. Note that there is no clear-cut large-scale spatial sepa-
ration between the technosphere and the ecosphere. The two spheres are in fact
largely intermingled and therefore quite abstract. Surely, natural reserves and
undeveloped land largely belong to the ecosphere, but the transportation and
tourism infrastructure (roads, trash bins, etc.) going through them belong to the
technosphere. In addition, though cities may appear like they belong 100% to the
technosphere, the outdoor or indoor air that the population inhales belongs to the
ecosphere, because human health can be impacted through air pollution. Note also
that the exact location of the boundary between the technosphere and the ecosphere
is often debated in the LCA community, for example, with regards to agricultural
systems (see Chaps. 29 and 30).

8.2.3 Foreground and Background System

Often hundreds of unit processes are required to deliver the product studied in an
LCA. It is useful to distinguish between unit processes belonging to the foreground
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Fig. 8.3 LCI model for the generic product system from Fig. 8.2. The green box represents the
boundaries of the product system with the division between foreground and background systems
indicated. Unit processes with grey shading belong to the foreground processes, while unit
processes without shading belong to the background system. Part of the background system lies
upstream in the value chain and feeds into the foreground system. Another part lies downstream
and receives input from the foreground system. Black arrows between unit processes indicate
material, energy, product or waste flows. Blue arrows to and from each unit process represent
elementary flows (resources and emissions)

and background system. The foreground and background systems are indicated in
Fig. 8.3 for a generic product system.

The foreground system is commonly defined as comprising those processes of a
product system that are specific to it. These processes are in the study of a product
typically some of the tier-one suppliers, but may also be suppliers further up the
supply chain (e.g. tier-two or tier-three) if these are known by the producer, e.g.
through a system of material certification. The foreground system is largely modelled
using primary data, i.e. data collected first-hand by the LCA practitioner, e.g.
obtained through the commissioner of the study. From a management perspective,
processes in the foreground system can often be changed by the decision-maker
commissioning a study (e.g. a company), either because they are directly operated by
the decision-marker (e.g. at the production site) or because the decision-maker has the
power to change or influence the processes, e.g. via purchase decisions or consumer
information. In this context, a change can be choosing another supplier (introducing a
different unit process in the model) or influencing the way a unit process is operated,
thereby changing all or some of its six types of flows qualitatively and quantitatively.
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The background system, in contrast, is commonly defined as those processes of a
system that are not specific to it. Such processes take part in numerous product
systems besides the one studied. Examples are society’s electricity supply, the
production of metallic copper, or the waste management systems. Neither of these
is specific to the product under study, but typically purchased in a market without
possibility to choose between specified individual suppliers. The background sys-
tem is typically modelled using LCI databases, which contain average industry data
representing the process in specific nations or regions. From a management per-
spective, processes in the background system can typically not be structurally
changed by the decision-maker commissioning a study (e.g. a company), because
the decision-maker is only a minor customer and therefore can only exert limited
power or because the suppliers are anonymous to the customer like the case of
copper which is bought on the global metal market (an exception is Situation B
studies where the decision-maker has influencing power on the background system,
see Chap. 7). The distinction between foreground and background system is
especially useful for planning data collection for the inventory analysis (see Chap. 9)
and for making recommendations as part of the interpretation of LCA results
(see Chap. 12).

8.2.4 Life Cycle Inventory Model and Results

A life cycle inventory (LCI) model aims to link all unit processes that are required
to deliver the product(s) studied in an LCA (glueing together the product system).
Figure 8.3 shows an example of an LCI model for a generic product.

An LCI result is an inventory of the aggregated quantities of elementary flows,
separated into resources and emissions, from all the unit processes within the
system boundary. These elementary flow quantities must be correctly scaled to the
assessed product by considering the extent to which the function of each unit
process is required to deliver the studied product (see Chap. 9).

8.2.5 Life Cycle Impact Assessment

LCIA is composed of selection of impact categories, classification and characteri-
sation, normalisation and weighting (the latter two are optional steps according to
ISO). Chapter 10 details these steps and only their main characteristics and pur-
poses are presented here.

Selection of Impact Categories, Classification and Characterisation

The first step of LCIA involves selecting the impact categories that are relevant to
consider in the LCA (considering the goal and scope of the study) and classifying
the elementary flows of the LCI results into these impact categories.
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The classification is based on the identification of the environmental issues that
each elementary flow can contribute to, such as water depletion, non-renewable
resource depletion, climate change or freshwater eutrophication. The purpose of the
next step, characterisation, is to translate the LCI results (quantities of elementary
flows aggregated across all unit processes of an LCI model) into indicator scores for
the different impact categories. This essentially reduces a list of hundreds of
quantified flows (the LCI results) to a manageable number of indicator scores
(typically around 10 or fewer) with a clear environmental meaning, which is
practical when comparing the environmental performance of two or more products.

Normalisation

Normalisation is an optional step under ISO 14044:2006 to support the interpre-
tation of the impact profile from the characterisation. Normalisation means that
indicator scores for all impact categories are expressed in a common metric, typi-
cally the annual contributions to total environmental impacts of an average person.
This serves mainly three purposes: (1) for decision-makers to better understand the
magnitude of characterised results by relating them to a common familiar and
external reference, (2) to check for errors in the assessment resulting in unrea-
sonably low or high normalised results and (3) to pave the road for weighting.

Weighting
Like normalisation, weighting is an optional step under ISO 14044:2006 to support
the interpretation of the impact profile. In weighting, the (typically normalised)
indicator scores for the different impact categories are made comparable by
assigning weights to each impact category that is intended to reflect their relative
importance. This relative importance is inherently subjective and can be based on
the opinion of experts, policymakers or the general public (or a combination of
these). Weighting allows calculating a single indicator score by summing all the
weighted impact scores. This is often considered useful by decision-makers wanting
to understand which product system performs best “overall” in a comparison.
The detailed choices on impact assessment methods and factors are made in the
impact assessment phase of the LCA but it is necessary to select the impact cate-
gories in the scoping phase to ensure that the inventory analysis collects data on all
elementary flows of potential relevance for the selected impact categories.

8.3 Deliverables

The types of deliverables should directly reflect the intended applications of results,
as defined in the goal definition. To be compatible with the ISO 14044 standard an
LCA study must include an impact assessment, and most LCA studies have two
deliverables, the LCI results and the LCIA results. Some LCA studies (e.g. col-
lection of data for unit process databases) only involve the construction of a life
cycle inventory (LCI), in which case the only deliverable is the LCI results. In any
case, LCI results should be documented with full transparency (see Sect. 9.7) to
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ensure reproducibility of the LCA study and potentially allow elements of the
underlying LCI model to be used as data sources for other LCA studies, if results
are publicly released. LCIA results must be documented by the numerical values of
the characterised results for each impact category covered. If normalisation and
weighting of characterised results is carried out (see Sect. 8.2.5) the results of these
steps must also be documented numerically.

8.4 Object of Assessment

8.4.1 Functions

All LCAs study one or more product systems composed of many unit processes that
are active throughout the life cycles of the product system(s). To study these
systems the functions they provide must be understood. Indeed, LCA is the envi-
ronmental assessment of needs fulfilment focusing on functions first and then on the
products needed to provide these functions. An LCA study should thus first define
the functions from the perspective of the user (later the perspective will change
when secondary functions are to be defined, see Sect. 8.5). For example, two
different energy technologies may be compared on the basis of the function they
provide of enabling the delivery of electricity to households (through a common
distribution system). Functions are especially important to understand when com-
paring two or more product systems because a comparison is only fair and
meaningful if the compared systems provide (roughly) the same function(s) to the
user. For example, a tablet and a newspaper both provide the function of a news
media, but because the tablet provides more functions (access to other websites,
word processing and other software) a direct comparison of environmental impacts
of a newspaper and a tablet would not be meaningful. An LCA must therefore
always be anchored in a precise, quantitative description of the function(s) provided
by the analysed product system. In the illustrative case on window frames in
Chap. 39, the windows are compared based on their function of allowing daylight
into a building.

8.4.2 Functional Unit

To support a fair and relevant quantitative comparison of alternative ways of
providing a function, knowledge of the functions provided by the alternative pro-
duct systems must be used to define a functional unit. A functional unit defines the
qualitative aspects and quantifies the quantitative aspects of the function, which
generally involves answering the questions “what?”, “how much?”, “for how
long/how many times?”, “where” and “how well?”. For example, a comparison of
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outdoor paints may be based on the functional unit: “Complete coverage of 1 m?
primed outdoor wall for 10 years in Germany in a uniform colour at 99.9%
opacity”. This is not to say that all LCAs on paint should have this functional unit.
In other cases, for example, a particular colour or sheen may be considered an
important function and should be included in the functional unit. It is important to
understand that the functional unit should always include a function and not simply
be a physical quantity, such as 1 kg, 1L or 1 MJ. For example, it would be wrong to
compare paints on the basis of a functional unit of “l1L paint”, since an identical
quantity of different paints may deliver different functions, e.g. in terms of area of
wall that can be covered, or the quality and duration of the coverage. Figure 8.4
illustrates how this functional unit is composed of answers to the five questions
presented above.

It is important to define the functional unit right because it significantly influ-
ences the way LCA is performed, its results and interpretation, especially in
comparative studies (see Sect. 8.9). This is because the functional unit serves as a
reference point for deciding which unit processes to include and to what extent they
are drawn upon. It is therefore essential to ensure that the functional unit fully
captures the relevant functional aspects of the studied systems. In the following
paragraphs, we provide some guidance for defining a correct functional unit.

To get started, two concepts from the product development field are generally
useful. These are obligatory properties and positioning properties. The obligatory
properties are features that the product must possess for any user to perceive it as a
product (e.g. ability to cover and protect the wall against the weather for an outdoor
wall paint) and may also include legally required features (e.g. a car must have seat
belts). These can usually be expressed in technical terms. The positioning prop-
erties, on the other hand, are optional features of a product, which can be used to
position it as more attractive to the consumer in the competition with other similar
products. Examples include price, colour, comfort, convenience, image, fashion and
aesthetic aspects of the product. Positioning properties often vary from consumer to
consumer as opposed to obligatory properties. Tables 8.1 and 8.2 show an example
of obligatory and positioning properties for an outdoor wall paint and the window
frame case study (Chap. 39), respectively.

After having listed the obligatory and positioning properties they need to be
transformed into the functional unit, i.e. they should be used to address the

Complete coverage of 1m2 primed outdoor wall for 10 years in Germany
( ] L J J L J
Y Y Y Y

For how long/

What? How much? What? how many times? Where?

in a uniform color at 99.9 % opacity
)
T

How well?

Fig. 8.4 Example of a functional unit composed of five questions
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Table 8.1 Derivation of functional unit on the basis of obligatory and positioning properties of an
outdoor wall paint

Obligatory properties Positioning properties

Cover wall with uniform colour Drip-free application

Protect wall against rain, sun and microalgae Many different colour tones to select from
Provide surface that is easy to clean Water-based

Meet health requirements for application Well covering (needs only one application)

Functional unit

Complete coverage of 1 m? primed outdoor wall for 10 years in Germany at a uniform colour
at 99.9% opacity

Reference flow

0.67 L of water-based paint A (needs two applications and a re-paint every 2’2 years)

0.15 L of water-based paint B (low content of water, only needs one application and lasts

5 years until re-paint is required)

Table 8.2 Derivation of functional unit on the basis of obligatory and positioning properties of
windows

Obligatory properties Positioning properties
Allow daylight into a building through a Protection from outdoor climate (thermal and
physical barrier noise insulation)

Allow ventilation between indoor and outdoor
Provide aesthetic functionality to the building
Protection against breaking into the building

Functional unit

Allow daylight into a building through a physical barrier, equivalent to light being transmitted
through an area of 1.23 x 1.48 m? with visible light transmittance of at least 0.7, for 20 years
Reference flow

0.5-0.67 window frames, depending on material

1 window pane

Paint for maintaining surface of window pane (dependent on frame material)

questions “what?”, “how much?”, “for how long/how many times?”, “where” and
“how well?”, as in the example of Fig. 8.4. When defining the functional unit it is
useful to distinguish between its quantitative and qualitative aspects.

The quantitative aspects always make up the answers to the “how much?” and
“for how long/how many times?” questions and often take part of the answer to the
“how well?” question. In the example of an LCA on shopping bags quantitative
functional aspects may be the volume (“how much?”), the number of shopping trips
that the bag should be used for (“how long/many times?”) and strength, i.e. the
weight that can be carried (“how well?””). For products that are continually in use
(e.g. a fridge or a paint) the “how long/many times?”” question should be addressed
in the form of the time during which the product is in function (as in the paint
example of Fig. 8.4). For products that are not in use all the time (e.g. clothes,
mobile phones) the “how long/many times?” question should instead be addressed
by specifying the intensity of the use, either as the total duration of use (e.g. 1000 h)
or the number of times that the function is provided (e.g. 50 shopping trips for the
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shopping back example above). In the window frame case study the “how well?”
question was partly addressed quantitatively by defining a visible light transmit-
tance (the fraction of light that a window allows into the building) of at least 0.7 in
the functional unit. The magnitude of the quantitative aspects in the functional unit
can be chosen more or less arbitrarily. However, for the users of an LCA, it often
makes the most sense to relate it to the magnitudes of typical use by a person, a
family or a community. In the example of Fig. 8.4 it would be less intuitive to relate
to a functional unit involving the complete coverage of 1 km?® primed outdoor wall,
while a good magnitude in the functional unit for a study of waste incinerators
could be the household waste generated by the municipality in one year.

The qualitative aspects cover the way in which the function is provided and are
often not easily quantifiable and sometimes not even clear-cut. The “what?” and
“where” questions require qualitative answers. In the example of Fig. 8.4 the
“what?” question is answered by “complete coverage of primed outdoor wall” and
the “where?” question by “Germany”. Other qualitative aspects are often used to
answer the “how well?” question. These could be legal requirements, e.g. fire safety
measures in a car or an office building, or technical standards, e.g. RAL code 3020
for the colour of paint. References to relevant legal requirements and technical
standards in the functional unit are helpful, because they ensure comparability
through adherence to the standard. To fully address the “how well?” question
subjective or ambiguous elements related to user perception (e.g. fashion) are often
important to include, to ensure comparability of different products. For example,
products may be discarded by users although they still fulfil their technical func-
tions because they are no longer perceived as fashionable. For this reason, it is
important to understand which aspects of a studied product’s function, including
non-technical aspects such as fashion, that are perceived as important by users.
LCA practitioners carrying out a study are therefore advised to consult the users of
the product or service that is studied to ensure that the definition of the functional
unit captures their perception of the product’s functionality. Those non-technical
aspects that differ between compared products should either be included in the
functional unit or considered separately in the interpretation phase of the LCA (see
Chap. 12).

The authors of this chapter have over the years encountered many types of
mistakes in the definition of functional units. Box 8.1 provides selected examples of
such mistakes and explains what is wrong with them and what needs to be con-
sidered to prevent making them.

Box 8.1: Common Types of Mistakes when Defining the Functional Unit

1. Assuming that same physical quantity of product equals the same
function:

Example: “1 kg of packaging material”
Explanation: A physical quantity, such as mass, is not a function. The
mass required to provide a packaging function often depends on the material.
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As an example, glass and PET in beverage packaging have different densities
and physical properties, and different masses will therefore be required for
providing the same function. To prevent mistakes like this, the functionality
of the product should be considered (for example, what is the functionality of
packaging?).

2. Being overly restrictive:

Example: “Enable watching of television with a 30 W power consump-
tion for 10,000 h”

Explanation: A fixed power consumption is (except in special cases) not
relevant to the user of a television and means that only televisions with that
exact power consumption can be included in a study. To prevent mistakes
like this, it must be ensured that the functional unit only covers what relates to
the function of the product (to watch television).

3. Incorrect use of technical standards or legal requirements:

Example: “Driving 1000 average person-kilometres in a diesel passenger
car that fulfils the Euro 6 standard and therefore emitting less than 0.08 g
NOx per kilometre (Euro 6 standard) during use”

Explanation: Often products can demonstrate compliance with the law or
a voluntary standard when completing a test that does not represent the actual
conditions of the product’s use. A passenger car complying with the Euro 6
standard may emit more NOy than 0.08 g/km, depending on the driving
pattern, climate, etc. A misinterpretation of a technical standard in the
functional unit can therefore lead to mistakes in the LCI (in this case,
underestimated NOy emissions). To prevent mistakes like this, the condition
of the use must be considered. Generally, a reference to a technical standard
in the functional unit does not need to be accompanied by the exact meaning
of the technical standard, as this will be dealt with in the LCI modelling step.

It must be stressed that a solid insight in the relevant technological domain is
required to define a meaningful functional unit. For example, good knowledge
about biofuels, nanomaterials or remediation of contaminated sites is required to
define meaningful functional units for these technologies. Chapters 26-36 discuss
the application of LCA, including the definition of functional units, for a wide range
of technological domains.

8.4.3 Reference Flows

When the functional unit has been defined, the reference flows can be determined.
A reference flow is the product flow to which all input and output flows for the
processes in the product system must be quantitatively related. In other words, the



88 A. Bjorn et al.

reference flow is the amount of product that is needed to realise the functional unit.
For example, as shown in Table 8.1, 0.67 L of paint A is required to realise the
functional unit in Fig. 8.4, while the same functional unit is realised with 0.15 L of
paint B. The reference flow is typically different qualitatively and quantitatively for
different products compared on the basis of a functional unit, due to differences in
product properties and characteristics (e.g. viscosity and tear resistance of a paint).
The reference flow is the starting point for the ensuing LCI analysis phase of an
LCA (see Chap. 9), because it determines all the product flows required throughout
the life cycle of the product system studied and their associated elementary flows
(resource uses and emissions). It is very important not to confuse a reference flow
with a functional unit (see Example 1 in Box 8.1). The former can only be known
when the latter is correctly defined. One should, for example, never base an LCA on
the comparison of 1 L of two different paints, unless a correctly defined functional
unit has shown that the reference flows of the compared paints are quantitatively
identical. It is important to understand the use situation in order to correctly define
reference flows. For example, to define reference flows in a comparison of a dis-
posable cardboard cup and a ceramic cup, the LCA practitioner must understand the
number of times the two cups are used before they are discarded and how the
ceramic cup is cleaned (by hand or dishwasher, and the associated consumption of
detergent and water and its temperature). Tables 8.1 and 8.2 include functional unit
and corresponding reference flows for the example of outdoor wall paint and the
window frame case study (Chap. 39), respectively.

8.5 LCI Modelling Framework and Handling
of Multifunctional Processes

This part of the scope definition deals with the choice of an appropriate LCI
modelling framework and ways to handle multifunctional processes. These choices
must be made in accordance with the goal definition, particularly the identified
decision context (Situation A, B or C, see Sect. 7.3), and they have a strong
influence on the inventory analysis, the LCA results and their interpretation.

8.5.1 Secondary Functions and Multifunctional Processes

To understand why different LCI modelling frameworks exist we first need to
consider that a product system often delivers other types of function than the type
dealt with in Tables 8.1 and 8.2. The functions of Tables 8.1 and 8.2 all relate to
obligatory or positioning properties and are intended functions made available to
product users by, e.g. companies selling the products. They are called primary
functions. In addition to those, secondary functions can also emerge in the life cycle
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of a product system. Secondary functions are unintended functions that usually
have low or no relevance to the users of a product, meaning that they are not
contributing to the obligatory or positioning properties. Instead, secondary func-
tions are relevant to other systems of the technosphere that the studied product
system interacts with. The existence of secondary functions reflects the fact that
some processes are multifunctional. A process is multifunctional when it provides
more than one function, meaning that it either delivers more than one product
output and/or provides more than one service. An example of a multifunctional
process that delivers more than one product output is animal husbandry where the
cow may deliver both milk, meat, hide, bone meal and other products with an
economic value. The production of the hide is an example of a secondary function
of the husbandry from the perspective of the user of a bottle of milk, since hide is
neither an obligatory nor a positioning property of the milk. An example of a
multifunctional process that both deliver more than one product output and provide
more than one service is waste incineration. It provides the multiple services of
getting rid of many different types of wastes (the obligatory property) and can
deliver both electricity and heat while doing so. Thus, secondary functions of a
product that is disposed of by incineration are the production of heat and electricity.
These secondary functions are relevant from the perspective of the energy system
that the product system interact with because a change in the volume of discarded
products that is incinerated leads to a change in the amount of energy generated
from incineration.

Multifunctional processes constitute a methodological challenge in LCA, which
is based on the idea of analysing individual product systems based on the primary
functions they provide in order to determine the environmental impact from the
product. In the real world, there is hardly any product system that exists in isolation.
As soon as a by-product arises from a multifunctional process (e.g. animal hus-
bandry), it is economic common sense to try to utilise it, often in a different context
from the product system being analysed in the LCA. This means that the process
becomes part of another product system as well, and that the environmental impacts
from the process can no longer be fully ascribed to the product system studied.

8.5.2 The ISO 14044 Hierarchy to Solving
Multifunctionality

In order to solve multifunctionality issues, the ISO 14044 standard presents a
hierarchy of solutions. These solutions can both be used to make different product
systems functionally comparable and to represent a single product system in a
hotspot analysis. The levels of the hierarchy are presented below and the hierarchy
is summarised as a decision tree in Fig. 8.5. Chapter 9 shows how to use to ISO
hierarchy in practice when constructing an LCL.
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Fig. 8.5 ISO hierarchy for solving multifunctionality presented in a decision tree

Subdivision of Unit Process

First choice is to try to solve this problem through increasing the resolution of the
modelling by dividing the multifunctional unit process into minor units to see
whether it is possible in this way to separate the production of the product from the
production of the co-product, and if so exclude the subprocesses that provide the
additional functions from the product system, see Fig. 8.6.

An example of subdivision is when a factory produces two products. Here, the

subdivision approach may lead to the realisation that the factory actually contains a
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Fig. 8.6 Solving the multifunctionality problem by increasing the modelling resolution and
sub-dividing the process into minor units which can unambiguously be assigned to either of the
functional outputs

number of processes and that the processes needed for the production of the first
product are physically separated from the processes needed for the production of
the second product. This approach to solving multifunctionality does not always
work. Even if you zoom to the molecular level of a cow, it is not possible to
physically separate the metabolic processes in the cow that lead to the production of
milk from the ones that lead to the production of meat or hide.

System Expansion

If subdivision fails to solve the multifunctionality problem, the ISO standard rec-
ommends trying to solve the problem by system expansion. In a comparison of two
processes, this means expanding the second process with the most likely alternative
way of providing the secondary function of the first process. In the comparison of
power plant 1, which has district heating with co-generated heat as a secondary
function, with a power plant 2, which only produces electricity, this means
expanding the system of plant 2 with the most likely alternative way or combination
of ways of providing district heat in that region (see Fig. 8.7).

Expansion of system 2 with the alternative way to produce the secondary
function of system 1 is equivalent to subtracting the alternative way from system 1
(which provides the function). This is also called to credit system 1 with the inputs
and outputs which are avoided when its secondary service replaces this alternative
production. In the case of district heating being the secondary function, system
expansion would thus be the same as crediting the power plant, which produces the
district heat, through subtracting the impacts from the most likely alternative way of
producing this heat as illustrated in Fig. 8.6.

In Fig. 8.6 equation B follows from equation A by subtraction of the alternative
way of district heating from both sides of the equal sign. The approach of system
expansion is thus mathematically equivalent to crediting for avoided production.
Crediting for avoided production is typically used to account for secondary func-
tions in a hotspot analysis where there is not a comparison of two alternative
systems. For example, a product system that includes incineration can be credited
for the avoided impacts from the production of heat and electricity by subtracting
the avoided elementary flows in the inventory of the process (see Chap. 9 for
technical details). In the milk example, system expansion can be performed by
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Fig. 8.7 Equivalent modelling approach when dealing with multifunctionality. a System
expansion: to ensure equal functionality system 2 is expanded to include the secondary function
of system 1. b Crediting: system 1 is credited for the production of the secondary function, in order
to have equal functionality of system 2

crediting the milk for the avoided impacts from alternative production of beef and
other co-products. This alternative production might be the raising of cattle in a
pure beef production system (which includes hides and other low-value
co-products). Note that quality differences between dairy cow meat and cattle
meat means that they may not be functionally equivalent. This may require the
application of a value correction factor to the crediting.

An important task in system expansion is to identify the process (or combination
of processes) which is superseded by the co-product. This relates to the decision
context (Situation A, B or C1/C2) identified in the goal definition (Sect. 7.4) and
will be dealt with in Sect. 8.5.3.

Allocation

Sometimes it is not feasible to obtain complete functional equivalency between the
compared systems or to isolate the primary function of a process from the sec-
ondary functions through system expansion. This may be the case when there is no
alternative way to produce the secondary functions. A classic example of such a
multi-output process is a petrochemical refinery with a variety of different organic
substances as output without any mainstream alternative routes of production for
these. It may also be the case when the most likely alternative route also has
secondary functions, creating the need for further system expansion introducing
alternative routes for the new level of secondary functions, which again may have
secondary functions, creating the need for further system expansion and so on. In
the milk example, the alternative production of meat from raising of cattle for
example leads to the co-production of horn (for example used in jewellery



8 Scope Definition 93

production), which cannot be produced in isolation and for which there may not
exist a functionally equivalent material.

When system expansion is not feasible, or when it is in conflict with the goal
definition (for Situation C2, see below), the ISO 14044 standard recommends
dividing the inputs and outputs of the multifunctional process or system between
the different products or functions. This is called allocation.

If possible, the allocation should be performed in accordance with the underlying
causal physical relationships between the different products or functions, reflecting
the way in which the input and output quantities are affected by changes in the
quantities of products or functions delivered by the process or system. For example,
in the hypothetical example of a waste incineration plant that incinerates two waste
inputs, batteries and plastic, emissions of the toxic metal cadmium from the process
will originate entirely from the batteries, given that the plastic stream contains no
cadmium and that cadmium cannot be formed in the waste incineration process.
This conclusion on the origin of cadmium, based on deductive reasoning, could also
have been reached empirically by measuring changes in cadmium emissions in
response to changes in waste inputs (e.g. a doubling of cadmium emissions would
be expected from a doubling of battery inputs). A causal physical relationship can
thus be established and cadmium emissions can be allocated 100% to the batteries.
In the case of the milk example, the International Dairy Association recommends
that physical allocation be based on the different physiological feed requirements
for an animal to produce milk and meat (IDF 2010). In the absence of a causal
physical relationship between the products, the ISO standard recommends per-
forming the allocation according to representative parameters. This is possible when
co-products provide identical or similar functions. In the case of a waste inciner-
ation plant that delivers both heat and electricity as output, the exergy content of the
two flows may, depending on the study context, be used as a representative physical
parameter or allocation key, because it reflects the potential of each energyform to
perform mechanical work. Here, it is important that the representative physical
parameter actually represents a common function of the co-products. In the example
of an agricultural process that produces both wheat and straw, the energy content of
the two flows can only be used as a representative parameter if they are both
intended as animal fodder (a common function). If instead, the wheat is intended as
food for humans this choice of representative parameter would be wrong (food for
humans deliver many more functions than energy, e.g. vitamins and taste).

When no common representative physical parameter can be identified for the
different outputs, another relationship must be found between them. As an example,
the ISO standard mentions an economic relationship, and indeed, this is a frequently
applied allocation parameter. In economic allocation the inputs and outputs of the
process or system are divided between its products according to their respective
economic values, e.g. determined as their long-term average market prices, or some
shadow price in cases where there is no market, e.g. for intermediary products.
A justification for the use of economic allocation is that products are produced due
to an incentive of financial income, and that a co-product with a market value close
to 0 should be allocated a correspondingly low share of the non-product flows of a
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process, compared to a primary product with a high market value. In the extreme
situation where the value of the co-product is zero, its allocated share of the inputs
and outputs also becomes zero in accordance with the fact that a zero-value output
is not a co-product but waste and should be modelled as such.

8.5.3 LCI Modelling Framework: Attributional
and Consequential LCA

Traditionally, there have been two main LCI modelling frameworks: attributional
and consequential modelling. In the ILCD guidelines, these were adapted to match
the four decision context situations (i.e. A, B, Cl and C2). Understanding the
difference between attributional and consequential modelling and when to use what
has been one of the most difficult aspects of LCA, and there is still no consensus on
this issue within the LCA community. In addition, some aspects of the terminology
defined in the ILCD guidelines, in particular with regard to the definition and
settings of attributional modelling, are inconsistent with the traditional views within
the LCA community, thus adding more confusion to the matter (Ekvall et al. 2016).
Below we first offer an explanation of the two modelling frameworks, including
their handling of multifunctional processes and the use of average or so-called
marginal LCI data (to be explained below). Where relevant we specify discrep-
ancies between the ILCD guidelines and the traditional views. Table 8.3 sum-
marises the explanation and discrepancies. We then provide guidance in compliance
with the ILCD guidelines for selecting the LCI modelling framework with con-
sideration to the goal definition.

Attributional LCI modelling was initially the common practice when LCA
development caught pace in the early-mid nineties. The overall aim of attributional
modelling is to represent a product system in isolation from the rest of the tech-
nosphere or economy. The question addressed by attributional LCA can be said to

Table 8.3 The meaning of the attributional and consequential modelling frameworks and their
handling of multifunctionality

LCI Question to be answered Handling of multifunctional | Modelling of
modelling processes when subdivision background
framework is not possible system
Before ILCD
ILCD
Attributional What environmental Allocation System Average
impact can be attributed expansion or | processes
to product X? allocation
Consequential | What are the System System Marginal
environmental expansion expansion processes
consequences of
consuming X?
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be “what environmental impact can be attributed to product X?” or “what envi-
ronmental impact is product X responsible for?”” As hinted by these questions, there
is an element of subjectivity involved in attributing impacts to a product system or
deciding the impact responsibility of a product system. This subjectivity arises in
the act of artificially separating the studied product system from the rest of the
economy. This separation is artificial because many, if not most, product systems
interact with other products systems through multifunctional processes, meaning
that they, as explained in the previous section, cannot be described as physical
entities in isolation. For example, from a strict physical perspective, the product
system of a bottle of milk cannot be described in isolation and the assignment of
processes that the product system is seen as “responsible for” therefore involves
choices. Before the ILCD guidelines came into place attributional modelling was
generally associated with allocation as the approach to solving the issue of multi-
functional processes, provided that subdivision (the preferred solution of the ISO
hierarchy) was not possible. By contrast, ILCD in some cases recommends solving
multifunctionality by system expansion within an attributional modelling frame-
work (see below).

Besides the issue of multifunctionality, attributional LCA is also associated with
the use of average processes in the background system, which reflects the modelling
of an average supply chain. In practice, this means that a market mix is used. This
could be for the global aluminium market or the electricitymarket of a nation. The
former is composed of a range of bauxite mines with different ore grades and
processing facilities that employ different production technologies, while the latter
is composed of different energy conversion technologies, such as the combustion of
coal, natural gas, oil and biomass, the harvesting of wind and solar power and the
use of nuclear power. As an example, Fig. 8.8 shows the Danish electricity con-
sumption mix in 2014.

Consequential LCI modelling was developed around the year 2000 to eliminate
the weakness inherent in the attributional LCA modelling framework due to the
attempt to artificially separate a product from the rest of the economy. Its overall
aim is to describe the changes to the economy caused by the introduction of the
studied product system, i.e. the product system’s consequence. Consequential LCI
modelling thus aims to answer the question “What are the environmental conse-
quences of consuming X?” For example, a consequential LCA of a bottle of milk
would attempt to model how the market responds to the change in demand for milk
represented by the functional unit of the study (e.g. involving a milk volume of 1 L
or a specified nutritional value). This is a very different approach than attributional
modelling because the change in the economy can look very different than the
representation of the isolated bottle of milk system. For example, the increased
demand for milk may lead to an increase in the capacity for milk production (i.e. the
numbers of cows giving milk), which in turn may lead to a reduction in the
production of some meat (e.g. beef from raising cattle) due to the increasing supply
of meat from dairy cows. This corresponds to handling the multifunctional process
of milk production by system expansion. A consequence of increased consumption
of milk may therefore be a reduction in environmental impacts from the avoided
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Fig. 8.8 Danish electricity consumption mix in 2014 (low voltage, e.g. for domestic consump-
tion). Imports from neighbouring countries can be further broken down into energy sources
(Treyer and Bauer 2013)

production of beef from cattle, which is somewhat counterintuitive. The market may
also be influenced by an increased demand for a product in other cases than mul-
tifunctionality. For example, if an additional kg is demanded of a fish species that is
already fished at its maximum level permitted by regulation (a production con-
straint) a consequence may be an increase in the production of another protein
source that is not constrained, such as chicken, and the environmental impacts
following this increase. The examples show that consequential modelling to a large
extent relies on a good understanding of and ability to model the dynamics of the
economic system, which requires a markedly different way of thinking than the
engineering perspective on product supply chains that historically has been in the
core of LCA (see Chap. 3).

Contrary to attributional LCA, consequential LCA is not associated with the use
of average processes for modelling the background system, but instead with the use
of marginal processes. These are the processes that are employed or taken out of use
as a response to an increase or decrease in the demand for a product, respectively. In
the example of the Danish electricity system, the short-term marginal process will
never be solar or wind, because solar irradiance or the wind are natural processes
that cannot be “turned up or down” in response to a short-term change in electricity
demand. Instead, the short-term marginal process in this example is a combustion
process because it is possible to quickly adjust the rate at which something (e.g.
coal or natural gas) is combusted in response to a change in electricity demand. The
short-term marginal is often the combustion of natural gas, because this is a more
expensive way of generating electricity than coal and thus sensitive to changes in
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electricity prices caused by changes in electricity demand (often, natural gas is only
used during peak demand when a relatively high electricity price makes this
technology economically viable). However, the relevant marginal processes to
include in an LCI model are not always the ones that are affected as an immediate
consequence of a decision, i.e. short-term marginal processes. Long-term marginal
processes may be more relevant if a decision leads to large changes in supply or
demand. Long-term marginal processes represent changes in the installed produc-
tion capacity in response to the projected development of electricity demand. Often
it is difficult to identify a single long-term marginal process, which is why a mix of
potential long-term marginal processes is often used. Figure 8.9 shows such a mix
for the long-term marginal electricity technology in the Danish market. See Chap. 9
on the identification of short- and long-term marginal processes.

It can be seen that fewer electricity production processes are part of the mix in
Fig. 8.9 for consequential modelling than the mix in Fig. 8.8 for attributional
modelling. For example, waste as an electricity source is not part of the conse-
quential mix and this is because the long-term planning of waste incineration is
thought to consider projections in future waste volumes (the primary function of
waste incineration is to “get rid of” solid waste) rather than projections in future
electricity demand. On the other hand, the construction of new wind turbines and
coal-fired power plants (and to a very small extent, hydropower plants and rooftop
photovoltaic panels) are thought to consider projections in future Danish electricity
demand. When to consider short- versus long-term marginal processes in conse-
quential LCA and how to identify these are still being debated in the LCA
community.

Note that while the background system is modelled differently in attributional
and consequential LCA, the foreground system is overall modelled in the same
way, the only exception being the handling of multifunctional processes.
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8.5.4 Recommended Modelling Choices for the Identified
Decision Context

ILCD provides recommendations for model choices for each of decision contexts
(Situation A, B, C1 and C2) identified as part of the goal definition (see Chap. 7).
These recommendations are the outcome of a comprehensive consultation process
within the LCA community. Since different actors with different views have had a
saying in this consensus process leading up to the ILCD recommendations, they are
somewhat internally inconsistent, as pointed out by, for example, Ekvall et al.
(2016). Below we present the recommendations for each decision context and make
notes about the parts that are disputed. Table 8.4 summarises the recommendations.

Situation A

Situation A concerns micro-level decision support (see Chap. 7) and the conse-
quence of a decision (e.g. the introduction of a new product on the market) is
therefore of interest. Ideally, the marginal process should therefore be identified and
used for all background processes (such as electricity supply) and cases of multi-
functionality (e.g. of an incineration process) should be handled by system
expansion with marginal processes, provided that subdivision is not possible (see
Sect. 8.5.2). This ideal for Situation A is logically consistent with a consequential
modelling framework. Yet, ILCD recommends using an average market con-
sumption mix for background processes and in cases of system expansion in the
background system. ILCD terms this attributional modelling, although system
expansion was previously associated with consequential modelling, as mentioned
above. The main reason for diverging from the ideal is that for the small changes
studied under Situation A it can be very difficult to identify marginal processes, i.e.
to understand the long- and short-term consequences on the market of introducing a
small change in its composition of product systems. The actual market behaviour in
response to small changes may also not be well-represented by simple mathematical

Table 8.4 Summary of ILCD recommendations on LCI modelling choices

Decision LCI Handling of Modelling of background
context modelling multifunctional system
framework processes when
(ILCD subdivision is not
terminology) possible
Situation A Attributional System expansion Average processes
Situation B Mix of System expansion Mix of long-term marginal
attributional processes for processes
and structurally changed.
consequential Average processes in all
other cases
Situation C1 Attributional System expansion Average processes
Situation C2 Attributional Allocation Average processes
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equations, which makes it difficult to model what will actually happen, short-term
and long-term, when, for example, a light-bulb is turned on, compared to a situation
where it is not turned on. There is therefore a risk of using wrong marginal pro-
cesses and this is problematic because LCA results are often quite sensitive to the
choices of marginal process (e.g. natural gas vs. wind for electricity supply). These
considerations have lead ILCD to pragmatically recommend using average pro-
cesses in the background system. It must be mentioned that some LCA experts
prefer to pursue the ideal by using marginal processes in Situation A studies, which
conflicts with the presented ILCD recommendations.

Situation B

Situation B concerns meso/macro-level decision support (see Chap. 7). ILCD
recommends the same modelling choices as for Situation A, with the exception that
background processes in the studied product system that have been identified as
being affected by structural changes as consequence of the analysed decision are
recommended to be modelled as mix of the long-term marginal processes. The logic
behind this exception is that marginal processes for suppliers that experience
structural changes are easier to identify than marginal processes for suppliers that
just experience changes in terms of the volume of products they deliver. The reason
for the focus on the long-term marginal is that the consequences studied under
Situation B are generally long term. Still, identifying the correct long-term marginal
processes in Situation B can be challenging and this is why it is pragmatically
recommended to use a mix of possible long-term marginal processes, rather than
actual long-term marginal processes, such as the mix for electricity shown in
Fig. 8.9. Chapter 9 addresses the calculation of such a mix. In light of the uncer-
tainty involved, we advise to model the LCI using a range of different mixes to
analyse how sensitive results are to the estimated mix (see Chap. 12). As for
Situation A studies, some LCA experts prefer to pursue the ideal of using a fully
consequential approach by only using marginal processes (either single process or a
mix) in Situation B studies, which conflicts with the presented ILCD
recommendations.

Situation C

Situation C relates to accounting, meaning that studies are not to be used to directly
support decisions and are of purely descriptive nature, often describing what has
already happened. Situation C1 considers interactions with other systems and ILCD
recommends handling this interaction via system expansion (for solving multi-
functional processes where subdivision is not possible) and use of average pro-
cesses in the background system. This means that the recommendations of ILCD in
practice are similar for Situation A and Cl1, even though the modelling ideals of
Situation A and C1 are different. Situation C2 disregards interactions with other
systems and ILCD therefore recommends that allocation be systematically used to
solve multifunctional processes, provided that subdivision is not possible. Note that
this conflicts with the ISO hierarchy, according to which system expansion should
be performed when possible instead of allocation.
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8.6 System Boundaries and Completeness Requirements

System boundaries demarcate the boundaries between the studied product system
and (1) the surrounding economy (technosphere) and (2) the environment (eco-
sphere). “Completeness requirements” is a related concept that can be used to
determine what processes should be included within the system boundaries to reach
the degree of completeness in the product system modelling that is needed to be in
agreement with the goal of a study (see details below). The setting of the system
boundaries can have a large influence on LCA results because they determine the
unit processes from which environmental impacts should be quantified. At this
point in the scope definition, the system boundaries should be represented in a
diagram that provides an overview of which parts of the studied product system(s)
that are included and which are excluded. An appropriate level of detail in this
diagram is the life cycle stages (such as production, manufacturing, transportation,
retail, use and disposal) or the main processing steps. It is often useful to start with
the process or life cycle stage that delivers the reference flow and then expand
upstream and downstream. See Fig. 8.10 for an example diagram for the study of a
steel sheet used to prevent accidents during roadworks. Note that the diagram does
not need to contain individual unit processes, as this full level of detail will only be
achieved in the actual construction of the inventory model (Chap. 9).
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Fig. 8.10 a Example of system boundaries diagram for the life cy