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C H A P T E R

1

Introduction. Life cycle thinking
Anna Mazzi

Department of Industrial Engineering, University of Padova, Padova, Italy

1.1 From the environmental concerns to a life cycle perspective

The issue of environmental sustainability is of great interest today (UNEP, 2011). The in-
ternational community encourages companies to adopt cleaner production systems and tech-
nologies. The market seems to reward environmentally responsible organizations, and many
companies around the world are increasingly becoming interested in environmental issues,
introducing them as strategic variables in their businesses.

However, over the years, many environmental management tools have shown an impor-
tant limit, that is the reduction of environmental impacts of an organization or a process by
allocating them at other times, upstream or downstream of the supply chain, thus increasing
the environmental loads of other subjects, such as suppliers, distributors, customers
(O’Rourke, 2014). This is because many environmental management tools observe the envi-
ronmental problem from a single point of view, the one of the single organization, while en-
vironmental problems are generated by different subjects that, together, contribute in a
closely interconnected way to the overall environmental impact. With a physical point of
view, the footprint of a product is the sum of the footprints of processes along the product
supply chain in different times and geographical areas (Hoekstra and Wiedmann, 2014).

There are many examples of problem shifting, where solutions adopted to improve or
solve a targeted problem unintentionally end up creating other problems of environmental,
economic, or social nature elsewhere for other stakeholders. To solve this loop, a life cycle
approach must be adopted.

Emerging interest inmarket concerns the green supply chainmanagement, which explores
various types of supply chain relationships and governance, encouraging a sustainable man-
agement of suppliers and distributors (Tseng et al., 2019). With a life cycle perspective, we
consider the totality of the system in our analysis, including the evaluation of the product’s
entire life cycle, with a long-term time horizon and a multidimensional view. Life cycle
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thinking (LCT) offers this totality: a comprehensive analysis of the topic it requires, leading to
solutions for reducing impacts in an absolute and not a relative way.

As shown in Fig. 1.1, a product’s life cycle can begin with the extraction of raw materials
from natural resources in the ground, and with energy generation. Materials and energy are
then part of production, packaging, distribution, use, maintenance, and eventually recycling,
reuse, recovery, or final disposal. In each life cycle stage there is the potential to reduce re-
source consumption and improve the product’s performance.

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, which then turns into a
pupa, fromwhich a butterfly emerges. The latter 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 as
waste, which marks the end of the life cycle (Bjørn et al., 2018a).

To minimize impacts, five levers can be used in practice, from a life-cycle perspective: life-
time extension, dematerialization, manufacturing efficiency, substitution, and recovery
(Olivetti and Cullen, 2018). That’s why we talk about LCT. Decisions made considering a full
life cycle perspective and broader implications on the environmental, economic, and social
pillars of a healthy planet, allow us to address unintended trade-offs between these pillars,
and focus attention on the key drivers of change. As a result, progress towards sustainable
development is faster and more efficient than when decisions are isolated (LCI, 2017).

Thinking in terms of the life cycle, businesses recognize that each choice sets the stage for
not only how the product will look and function, but also for how it will impact the
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FIG. 1.1 A typical product lifecycle dia-
gram. Life Cycle Initiative, https://www.

lifecycleinitiative.org/starting-life-cycle-thinking/

what-is-life-cycle-thinking/.
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environment and the community as it is manufactured, used, disposed of, re-used, or
recycled. Products can be designed so they will have less environmental impact when they
are manufactured, used, and discarded. With a life cycle approach, companies are able to cal-
culate the full life cycle cost of the goods they purchase. This includes the point-of-purchase
price as well as the costs of transporting, storing, installing, cleaning, operating, repairing,
and eventually discarding those goods (Hall, 2019).

As we will explore in this volume, LCT is not just a methodology of analysis; we can con-
sider it a philosophy, a way of observing and reflecting, which leads to effective solutions for
overall improvement of the sustainability of products, processes, and systems. The life cycle
approach promotes relevant innovations in designing, producing and using products and
services, and it brings benefits to several stakeholders along the product supply chain; we
have summarized some benefits in Table 1.1.

To make choices addressed to life cycle approach, designers, manufacturers, and sup-
pliers need tools for assessing the sustainability of alternatives, in terms of preferability
and feasibility. The market too needs clear and quantified information, so that consumers
and buyers are able to evaluate the sustainability of alternative products and make informed

TABLE 1.1 Main benefits of the adoption of LCT to the stakeholders along the product supply chain.

Stakeholders LCT promotes LCT avoids

Designers Comprehensive, complete, and consistent analysis
of all the factors that contribute to the impact of the
product

partial analysis of the environmental,
economic, and social impacts associated
with single phases of a product’s life
cycle

Designers and
manufacturers

Identification of solutions that improve the overall
performance of the system, which includes the
performance of all the actors in the supply chain

Identification of solutions that fix one
environmental problem but cause
another unexpected or costly
environmental problem

Marketing staff
and designers

Comparative evaluation of alternative business
solutions in design, production, purchasing,
distribution, use, and end-of-life

Inability to compare different design,
production, and organizational
alternatives

Consumers and
market

Communication of clear and consistent information
and creating awareness in the market

Communication of misleading
information and disorientation in the
market

Whole supply
chain and
community

Improvement of entire systems, not single parts of
systems

Shift of problems from one life cycle
stage to another, from one geographic
region to another, and from one
environmental item to another

Whole supply
chain and
community

Choices for the longer term and considering all
related environmental and social issues

Short term decisions that lead to
environmental degradation

Local and
international
governments

Investment of economic resources to support more
sustainable projects

Wastage of investments in actions that
do not improve the overall
environmental performance or create
inefficiencies
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purchases. Moreover, local governments and international institutions must be able to have
comprehensive and robust tools to guide companies and markets towards more sustainable
production and consumption behavior. All these measurement needs find an answer in the
most important operational tool of LCT: life cycle assessment (LCA). This 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 (ISO, 2006b).
LCA is an important assessment tool, as demonstrated by the central role it is given in en-
vironmental regulation in many parts of the world and the strong increase in its use by com-
panies all over the world (Hellweg and Milà i Canals, 2014). The focus of LCA has mainly
been on the environmental impacts although, as we will see in following sections, both so-
cial and economic impacts can be included as well, with a more extended perspective
known as sustainability assessment.

During the last 30 years, world leaders have explicitly recognized the need to change
unsustainable patterns of production and consumption, and life cycle approaches play a
key role. Demand for life cycle tools has increased, primarily thanks to numerous actions pro-
moted by international initiatives to support the inclusion of life cycle approaches in govern-
ments worldwide. At the same time, in a market perspective, both companies and customers
are giving increasing importance to impacts evaluation of products and services with a life
cycle perspective. Today, LCT is a fundamental theme that involves multiple sectors and
brings together the knowledge of many disciplines. Its current maturity is due to a progres-
sive evolution over the years, in terms of practices, methodologies, and policies. The next sec-
tion describes this evolution.

1.2 History of LCT

In the 1930s, economists begin discussing the unsustainability of welfare in an economy
that uses non-renewable resources (Hotelling, 1931). In the 1960s, attention towards adverse
environmental effects caused by environmental pollution increased and transparent and
science-based information begin to be demanded by environmental scientists (Carsol,
1962). The first life cycle oriented study might be the one presented in 1963 by Smith in
the World Energy Conference and it concerned the energy requirements for the production
of chemical intermediates and products (Boustead, 2003). In this decade, the first life cycle
studies in the United States and Northern Europe were conducted by some companies in
the packaging sector, in order to develop production systems with energy saving and emis-
sions reduction. These studies, carried out by large companies in an isolated manner, essen-
tially focused on the firm’s environmental management, aimed at improving internal
processes, without interest in communicating to stakeholders (Hunt et al., 1992). Early
methods, inspired by material flow accounting, were focused on inventorying energy and re-
source use, emissions, and solid waste. With more complex inventories, the focus was grad-
ually extended with a translation from physical flows accounting into environmental impact
evaluations, as contribution to climate change, eutrophication, and resource scarcity (Bjørn
et al., 2018b).
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In the 1970s, the concerns of the international community regarding environmental prob-
lems created by some industrial activities were growing (Meadows et al., 1972). Scientists rec-
ognized resource consumption and waste production as the main causes of environmental
problems and recommended the closure of the cycle with reliability, reparability, and recy-
clability of products at the end of life (Singer, 1970). At the same time, in chemicals and pack-
aging sectors, the interest in life cycle evaluation continued to grow, focusing on energy
consumption, solid waste production, and air emissions. In these years, the first public
and peer-reviewed LCA study was published, commissioned by the US Environmental Pro-
tection Agency with the aim of informing regulation on packaging (US EPA, 1974).

During the 1980s, the life cycle approach evolved in both applications and methodologies,
thanks to companies’ interest and the scientific debate. In European countries, environmen-
tal attention related to the impacts of milk packaging increases and LCA studies were
conducted to compare alternative packaging systems for milk distribution to private con-
sumers. Numerous applications of life cycle evaluation on technologies and similar prod-
ucts with conflicting results revealed the need for the developing of rigorous
methodologies. Then, knowledge and metrics concerning cause-effect mechanisms in sev-
eral environmental concerns were deepened by scientists, to define rigorous impacts quan-
tification and avoid burden shifting. In these years, the first impact assessment method
based on critical volumes was introduced (BUS, 1984) and the first two pieces of commercial
LCA software were released (Gabi in 1989 and SimaPro in 1990). In line with the life cycle
perspective, the United Nations published the report “our common future”—a milestone in
sustainable development history—in which the importance of recycling and renewable re-
sources is declared (UN, 1987).

In the 1990s, the life cycle approach spread. This decademarks themost important steps for
the construction of LCT. The United Nations proclaimed the principles intended to guide
countries in future sustainable development (UN, 1992). Meanwhile, the term “life cycle
assessment” is coined (SETAC, 1993), and the first standards are published to harmonize life
cycle practices (Fava et al., 1994; ISO, 1997). At the same time, several life cycle inventory da-
tabases are developed by different institutions, and new impact assessment methodologies
are developed, including cause-effect-damage evaluations (Bjørn et al., 2018b). During this
decade, the first scientific LCA related study is published (Guin�ee et al., 1993) and an aca-
demic journal fully dedicated to the LCA is born (Kl€opffer, 1996).

With the beginning of the newmillennium, the international community gave a fundamen-
tal role to LCT for construction of a sustainable future. In 2002, at the World Summit on Sus-
tainable Development, world leaders recognized the need to change the unsustainable
development model and subscribe common commitment to implement sustainable produc-
tion and consumption “using,where appropriate, science-based approaches, such as life cycle
analysis” (UN, 2002). In the same year, the United Nations Environmental Protection and So-
ciety of Environmental Toxicology and Chemistry launch the Life Cycle Initiative, focused on
the dissemination of life cycle practices all over the world and, in particular, to emerging
economies (LCI, 2002). In the European context, LCT receives a strong push by the European
Integrated Product Policy (IPP), which supports policy instruments like environmental label-
ing, green public purchase, and integration of environmental aspects into standards develop-
ment (EC, 2003). Moreover, in 2005, the European Commission creates the European platform
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on LCA to promote the life cycle perspective at both theoretical and operational level (Wolf
et al., 2006). Influencing market dynamics, the European policy contributes to the spread of
life cycle tools around the world.

In the 21st century, methodological approaches of LCT improve: the international stan-
dards of LCA are revised (ISO, 2006b, 2006c), and life cycle perspective is gradually ap-
plied in several sectors and integrated with other decision support tools in almost all
the areas where environmental, economic, and social considerations are important. In
these years, new frameworks aiming to extend LCA methodology to economic and social
aspects of sustainability are elaborated (Guin�ee, 2016), and the concept of life cycle is
adopted in several standards with different meanings and applications (Toniolo
et al., 2019b).

Over the last two decades, impact assessment methods have been continuously refined
and several methodologies updated; from 1999 to date, more than 20 methodologies of life
cycle impact assessment have been published worldwide by several organizations
(Rosenbaum, 2017). Through methodological consolidation, life cycle approach has a large
and rapid spread, increasing the range of products and systems analyzed by both industries
and governments. The interest in life cycle studies has increased, due to the growing public
awareness of environmental issues and a widespread acceptance of sustainable development
(Hou et al., 2015).

What happens next is actuality, which will be presented in the next chapters of this book.
What I want to emphasize here, for an overview, is the fact that, from the 2000s, the increase in
LCT initiatives around the world has gone hand in hand with increasing knowledge of en-
vironmental problems. On the one hand, greater environmental awareness pushes the scien-
tific community to improvemethods for assessing environmental impacts, while on the other,
it leads the market to request more information on environmental impacts associated with
products. Thus, a virtuous circuit is established, in which local governments promote LCT
tools on the market, consumers are better informed and choose more consciously, companies
invest in life cycle evaluations to improve their products, also communicating results to the
market. To witness this virtuous circuit, we can see that, where the number of life cycle ini-
tiatives increases, available information concerning territorial environmental quality in-
creases as well, and indicators of the overall environmental condition show a progressive
improvement (Qian, 2016).

Fig. 1.2 summarizes the main evolutionary steps of the LCT along the timeline. In this
graph, from 1960 to date, a progressive increase characterizing the LCT story is highlighted
in four interdependent directions: life cycle practices, life cycle methods, life cycle publica-
tions, and life cycle policies. The first life cycle reasoning is done in the 1960s, when environ-
mental degradation and limited access to resources start becoming a concern. In the following
years, LCT takes shape and is gradually enriched through application, harmonization, and
dissemination. Life cycle practices also started in the 1960s, as isolated experiences, recording
a strong boost during the 1990s, due to the birth of standards and software to support the life
cycle analyses. Since the 1990s, government initiatives supporting the life cycle approach
have multiplied and scientific literature has exploded. Nowadays, the panorama of experi-
ences, methodologies, and publications concerning LCT is enormously rich and interdisci-
plinary, thanks to the complicity of international policies that recommend its use in all
economic sectors.

6 1. Introduction. Life cycle thinking



1.3 LCT and sustainability

The link between LCT and sustainable development is tight. On the one hand, sustainabil-
ity presupposes giving an overriding priority to the essential needs coherently with environ-
mental limits, available technologies, and socio-cultural context (UN, 1987). On the other
hand, LCT aims to consider all the impacts associated to a product life cycle in order to in-
dicate priority of interventions that are more convenient and useful (EC, 2003).

Sustainable development should ideally improve the quality of life for every individual
without expending the Earth’s resources beyond its capacity. Without a functioning environ-
ment we will not be able to give future generations the same possibilities for achieving the
levels of welfare that current generations are experiencing. Researchers have attempted to
quantify carrying capacities of the ecosystem thatmust not be exceeded tomaintain functions,
as well as other ecosystem aspects of interest. 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 (Rockstr€om et al., 2009). According to
estimates, this exceedance has already happened for four of the nine proposed planetary
boundaries (Steffen et al., 2015).

Acting to reduce the impact on the ecosystem is, therefore, necessary and urgent, but needs
a collective effort. The journey towards sustainable development requires that businesses,
governments, and individuals take action, changing consumption and production behaviors,
setting policies, and changing practices. Human needs should be met by products and ser-
vices that are provided through optimized consumption and production systems that do
not exceed the capacity of the ecosystem.

FIG. 1.2 Timeline of LCT milestones.
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Sustainability has three dimensions: economy, society, and environment. In the business
community the term “triple bottom line” was coined to explain the importance of achieving
sustainability; it implies that industry has to expand the traditional economic focus to include
environmental and social dimensions, in order to create a more sustainable business
(Elkington, 1997).

LCT expands the established concept of cleaner production to include the complete prod-
uct life cycle and its sustainability. Source reduction in a product life cycle perspective is then
equivalent to designing with sustainability principles in mind. In each life cycle stage there is
the potential to reduce resource consumption and improve the performance of products; in
order to succeed, all the stakeholders in the product chain have to be involved, using a col-
laborative approach and integrating efforts, with the same goal: sustainability. Overall, LCT
can promote amore sustainable rate of production and consumption and help us use our lim-
ited financial and natural resources more effectively. We can derive increased value from
money invested—such as wealth creation, accessibility to wealth, health and safety condi-
tions, and fewer environmental impacts—by optimizing output and deriving more benefits
from the time, money, and materials we use.

The full consistency of LCT with the sustainable development concept is therefore con-
firmed.Moreover, recent developments of the life cycle approach explicitly adopt sustainabil-
ity as a framework: international policies have adopted the “3Ps” of sustainability, which
stand for “people, planet, and prosperity”, and linked LCT to sustainable development
agenda (UN, 2002). Meanwhile, the scientific community has developed advanced models
of LCA methodology, including the triple bottom line perspective: thus, life cycle costing
(LCC) and social life cycle assessment (SLCA), as second and third pillars of sustainability,
are born, distinguishing economic and social impacts of product systems along their life cycle.
Moving to a more comprehensive assessment of sustainability, the life cycle sustainability as-
sessment (LCSA) is the most modern life cycle-based approach to evaluate scenarios for sus-
tainable futures and practical ways to deal with uncertainties and rebound effects with a
comprehensive vision (Guin�ee, 2016).

Fig. 1.3 shows the possible link between LCT and sustainable development through the
three pillars of sustainability and the multidimensionality of LCT.

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 (UN, 2015a, b). Tomeet the goals and targets, sustainability must gain strong
prominence in decision making support for all economic actors along the supply chain who
are responsible for creating solutions for the future: all companies that design, create, supply,
and buy, all consumers that choose, buy, use, and dispose, all local governments and insti-
tutions that regulate, control, and support.

To support sustainable decisions, from small- to large-scale perspective, the market needs
comprehensive and robust tolls. To avoid the often-seen phenomenon of problem shifting,
where the solution to a problem creates several new problems, decisions must be taken with
a systems perspective. LCT aims to facilitate the application of life cycle knowledge in the
global sustainable development agenda in order to achieve the sustainable development
goals faster and more efficiently (Wulf et al., 2018). Through the life cycle approach, we rec-
ognize how our choices influence what happens at each phase, so we can balance trade-offs
in economic and environmental consequences caused by our choices.
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Further challenges of LCT in achieving sustainable development goals are described in
Section 1.5.

1.4 Tools and actions in LCT

A life cycle approach identifies opportunities and risks of a product or technology, from
raw materials to disposal, named “from cradle to grave”. Consumers, companies, and
governments use these various life cycle approaches for many different purposes, from
day-to-day shopping, to selecting suppliers, engineering a new product design, or develop-
ing a new process, project, or business. Citizens, businesses, and governments are finding
ways to promote LCT and to balance the impacts of their choices. A life cycle approach ap-
plied to community planning and development can lead to fewer environmental impacts
from materials used, construction practices, and waste management, as well as energy and
water used by people living and working in the community.

To support diffusion of the life cycle approach among business communities and local gov-
ernments, the scientific community and international organizations promote numerous ini-
tiatives, which we can summarize in two typologies:

• Life cycle tools, which include standards and guidelines to assist researchers, practitioners,
and companies in applying the principles of life cycle approach to products, processes, and
projects;

• Life cycle actions, which include disseminating and supporting initiatives aimed at
spreading the life cycle approach in international and local policies, as well as fostering the
understanding and use of life cycle tools between companies and consumers.

FIG. 1.3 Possible link between LCT and sus-
tainable development in the triple bottom line
perspective.
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Fig. 1.4 shows the main initiatives in LCT, as life cycle tools and actions. The following
chapters of this book will describe them. Here a brief summary is given.

1.4.1 Life cycle assessment

LCA represents “the best framework for assessing the potential environmental impacts of
products” (EC, 2003). It is a method to assess quantitatively the environmental impacts of
goods and processes from cradle to grave. LCA models cause-effect relationships in the en-
vironment and thus helps to understand the environmental consequences of human actions.

To conduct an LCA study for products and services in many economic activities around
the world, practitioners are supported by two international standards: the ISO 14040 and the
ISO 14044, respectively containing general principles and specific requirements for an LCA
(ISO, 2006b, 2006c). Four features of LCAmake it a complete and robust tool to support com-
panies and markets in sustainability commitments: it takes a life cycle perspective, covers a
broad range of environmental issues, is quantitative, and is science-based (Bjørn et al., 2018a).

LCA is an important decision-support tool that, among other functions, allows companies
to benchmark and optimize the environmental performance of products or for authorities to
design policies for sustainable consumption and production. Many LCA studies are
conducted to support corporate internal decision-making, such as for ecodesign of products,
process optimizations, supply-chain management, and marketing and strategic decisions
(Hellweg andMilà i Canals, 2014). Recent initiatives go a step further, by aiming to generalize
the life cycle approach in all consumption sectors, through harmonization of life cycle-based

Life cycle initiative

European platform on
life cycle assessment

Integrated product
policy

Carbon footprint

Life cycle costing

Life cycle
assessment

Water footprint

Environmental
labeling

Social life cycle
assessment

Life cycle
sustainability
assessment

FIG. 1.4 Tools and actions in LCT.
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information on a variety of impact categories to be displayed in product labeling (Toniolo
et al., 2019a).

1.4.2 Life cycle costing, social life cycle assessment, and life cycle sustainability
assessment

In designing, manufacturing, delivering, using, recovering, and disposing products, var-
ious requirements have to be integrated with environmental aspects: feasibility, convenience,
security, acceptability; often conflicting requirements have to be fulfilled. Therefore, to sup-
port complex decisions, multidimensional approaches are necessary (Mazzi et al., 2016). Both
scientists and companies have recently moved in this direction, extending the LCA model to
economic and social dimensions.

To be honest, the concept of environmental LCC predates LCA: life cycle cost refers to all
costs associated with the system in a defined temporal life cycle (Blanchard and Fabrycky,
1998). Recently, the LCA community has come closer to this concept with the aim of integrat-
ing financial data and cost information with environmental life cycle metrics. Then, LCC has
become the acronym of the tool which, consistently with LCAmodel, across the product’s life
cycle, includes all costs borne by different actors with different perspectives and at different
times (Hunkeler and Rebitzer, 2003). A code of practice for LCC has been published by the
Society of Environmental Toxicology and Chemistry for evaluating decisions with consistent
systems boundaries as a component of product sustainability assessments (Swarr et al., 2011).
In a company perspective, LCC is a key tool for sustainable business, because it helps in giv-
ing the right signal on economic implications of sustainable production for the decision-
maker as well as giving priority to the most cost-effective environmental improvements
(Hannouf and Assefa, 2016).

The SLCA is a methodological approach aimed at evaluating social and socioeconomic as-
pects of products and their potential positive and negative impacts along their life cycle. So-
cial impacts are those that may affect stakeholders along the product life cycle and may be
linked to company behavior, socioeconomic processes, and impacts on social capital
(Benoı̂t and Mazijn, 2009). From a company perspective, one of the main added values of
SLCA is the possibility to spend the results of social evaluation on the market. This could
be achieved, for example, by means of a social label (Zamagni et al., 2011).

SLCA is still not widespread because it suffers from a double difficulty: definition and ap-
plication. SLCA encompasses unquantifiable issues of ethics and valueswith holistic and per-
sonnel perspectives, such as active citizenship, well-being and happiness, preserving
sociocultural diversity, and meeting basic needs (Mattioda et al., 2015). Recent efforts to fa-
cilitate the practicality of SLCA are directed to solve the lack of available data and the diffi-
culty to evaluate immaterial impacts with undefined cause-effect relationships
(Weidema, 2018).

Concerning life cycle sustainability assessment (LCSA), definitions are not yet carved in
stone. Two main definitions of LCSA exist. Kl€opffer and Renner (Kl€opffer, 2008) propose
to calculate the LCSA as the sum of the three studies: LCA, LCC, and SLCA; thus, LCSA
broadens LCA methodology including economic and social aspects in the life cycle evalua-
tion. Guin�ee et al. (2011) start from the previous definition and add two dimensions of
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evaluation, related to the external contest of organizations: technological conditions and
economic state.

Moving from theory to practice, the concept of life cycle sustainability is presented in sev-
eral standardswith different meanings and applications. Even if all sustainability dimensions
are standardized by international community, environment still remains themost considered
one in a life cycle approach (Toniolo et al., 2019b).

1.4.3 Partial LCAs: Carbon footprint and water footprint

Over the last 50years, some critical environmental issues have particularly worried the in-
ternational community: the emission of greenhouse gases is the main cause of global climate
change; the scarcity of freshwater availability is critical for healthy lives and a healthy planet;
the energy consumption closely linked to the availability of nonrenewable resources is a dan-
gerous brake on economic development and a threat to political and social world balance; and
increasing land use and fossil fuel combustion are leading to enhanced losses of reactive ni-
trogen to the environment. Attention to specific environmental issues has led the scientific
community to develop impact assessment tools able to go into depth on individual environ-
mental issues. Since the 1980s, in order to know environmental impacts related to greenhouse
gases emission, water consumption, energy sustainability, and nitrogen variation, among
companies, new metric needs have emerged. To meet the market’s needs and provide busi-
nesses and consumers with rigorous assessment methods, new standards have been
published for the calculation of the so-called “partial LCAs.”

To calculate the carbon footprint (CF) of a product or service, the ISO 14067 specifies meth-
odology and requirements to measure the emissions of greenhouse gases in input and output
of a product’s life cycle, and the associated environmental impacts on climate change (ISO,
2018b). This result corresponds to the partial result of LCA related to the life cycle impact cat-
egory indicator “global warming potential”; therefore, CF is a typical case of “partial LCA.”

To support organizations in assessing the environmental profile of water footprint (WF)
consumption and degradation, the ISO 14046 indicates methodology and characteristics that
need to be taken into consideration when assessing the WF of a product from a life cycle per-
spective (ISO, 2014). WF is defined as a metric that quantifies the potential environmental im-
pacts related to water. It includes identification and evaluation of the impacts related to
consumptive water use (e.g., scarcity and availability) and related to degradative water
use (e.g., eutrophication and acidification). The WF gives a profile of the impact category re-
sults that can be reported in a standalone study or as part of a more comprehensive LCA
study (Mazzi et al., 2014).

The environmental profile obtained by these partial LCAs has some advantages but also
limitations. From a scientific perspective, partial LCAs lack a comprehensive environmental
view, because they observe inputs and outputs of the product life cycle with a partial view
which, despite being important, is still relative. On the other hand, LC tools such as CF and
WF may be more detailed than a complete LCA in examining specific environmental prob-
lems because, by focusing on single environmental parameters, they investigate thoroughly
the cause-effect-damage relations of a single impact category.
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From a market perspective, along supply chains and towards consumers, the demand for
information concerning environmental footprint increases, and it guides efforts in
ecoinnovation, ecomanagement, and ecolabeling. Companies and consumers undoubtedly
prefer synthetic and immediate evaluation and communication tools, although in taking
CF or WF as the one and only yardstick, one has to face life-threatening trade-offs
(Finkbeiner, 2009).

Future perspectives to develop partial LCAs do exist; these life cycle tools can deepen the
analysis of single environmental problems, enriching environmental models that support life
cycle impact assessment with ad hoc quantification and regionalization (Bulle et al., 2019).

1.4.4 Ecolabeling

LCA, originally developed to be used as a decision support tool for environmental man-
agement, now has several related applications such as external communication through en-
vironmental labels and declarations. As ISO classified, three typologies of environmental
labels exist: type I, II, and III; for each of themwe can refer to ad hoc standards, for measuring
and communicating the environmental performance of products: ISO 14024 (ISO, 2018a), ISO
14021 (ISO, 2016), and ISO 14025 (ISO, 2006a), respectively.

In recent years, the market demand for environmental product declarations, such as type
III environmental labels, has increased, as well as the number of program operators (Toniolo
et al., 2019a). At the same time, in the European market, the European Commission launched
the Product Environmental Footprint (EC, 2013), a multicriteria method to calculate the en-
vironmental profile of products with a life cycle perspective; it is an applicable tool
supporting external communication or public procurement tender requirements.

This growing number of different environmental product declaration schemes with differ-
ent requirements causes confusion in the market and disorientation in purchasing decisions;
consequently, an effort to make labels more reproducible, comparable, and verifiable, will be
much appreciated by the market (Del Borghi et al., 2019).

1.4.5 Life cycle initiative

Hosted by the UN, thanks to the common commitments of the United Nations Environ-
mental Protection and Society of Environmental Toxicology and Chemistry, the Life Cycle
Initiative (LCI) is the interface between users and experts of life cycle approaches (LCI,
2017). LCI provides a global forum to ensure a science-based and consensus-building process
to support decisions towards the shared vision of sustainability as a public good. It delivers
authoritative opinion on sound tools and approaches by engagingmulti-stakeholder partner-
ship, including governments, private and public organizations, scientists, scholars, and civil
society.

The LCI is a public-private, multistakeholder partnership enabling the global use of cred-
ible life cycle knowledge by private and public decisionmakers. It facilitates the application of
principles and tools of LCT in local governments and markets. The mission of LCI has two
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main directions: to improve decisions that need assessment and comparison of products,
technologies, lifestyles, and economy-wide choices, and to build consensus on environmen-
tal, social, and economic life cycle knowledge, with inventory data, impact assessment
methods, and indicators. To pursue these commitments, LCI establishes periodic action pro-
grams and verifies the results; through numerous initiatives and its website, it provides pub-
lications and communications and promotes collaboration between stakeholders around
the world.

1.4.6 Integrated product policy

IPP is a European initiative, developed by the Directorate-General for Environment, aimed
at reducing the environmental burden of products and services throughout their life cycles.
This can be achieved using a toolbox of policy instruments that make markets more sustain-
able through greening both the demand side (consumption) and the supply side (product de-
velopment) (EC, 2003). It is an attempt by the European Commission to create conditions in
which environment-friendly products, or those with a reduced impact on the environment,
will gain widespread acceptance among the European Union Member States and the Euro-
pean market.

IPP, within environmentally advanced countries in Europe, is part of a growing trend to-
wards product-oriented environmental policies. It seeks to minimize all environmental deg-
radations caused by products throughout the entire life cycle, by looking at all phases of its
life cycle and acting where it is most effective. To achieve this challenging goal and succeed in
intervening on different subjects with often contradictory interests, IPP includes several mea-
sures such as economic instruments, substance bans, voluntary agreements, environmental
labeling, and product design guidelines.

1.4.7 European Platform on LCA

The European Platform on LCA represents the European answer to business and policy
needs for social and environmental assessments of supply chains and end-of-life waste man-
agement. It was born primarily to support the European IPP, to increase the availability of
quality-assured life cycle data ( JRC, 2006). The European Platform on LCA is implemented
by the Joint Research Centre, in collaboration with the European Directorate-General Envi-
ronment, to support business and government needs for availability, interoperability, and
quality of life cycle data and studies, supplying guidelines spanning from methodological
aspects to characterization models. For more than 10years, this platform has elaborated
frameworks and guidelines to support the LCA practitioners, with methodological and prac-
tical improvements of inventory databases and impact assessment methods (Sanf�elix
et al., 2013).
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1.5 Emerging trends in LCT

Many authors in recent years have highlighted development prospects of LCT tools.
Recalling some of them here, rather than to be exhaustive, I want to stimulate once again
the discussion.

Several recent papers emphasize the directions in which LCT tools must evolve to meet
emergingmarket demands. To continue building a greater demand is fundamental to redirect
resources of companies and governments towards a life cycle strategy. The starting point
must remain understanding, identifying, and managing risks, opportunities, and trade-offs
associated with products, technologies, and services over their whole life cycle (Fava, 2016).
Unlike the more traditional site-specific approaches to environmental protection, sustainabil-
ity strategies have implications that extend across a product’s life cycle and require engaging
stakeholders who can influence the ability to manufacture and sell products around the
world. Next, research developments, both in scientific and business communities, will inves-
tigate the adaptation of collaborative supply chain solutions with sustainability issues,
through application of LCT in supplier management (O’Rourke, 2014). Sustainable public
procurement and sustainable buildings will likely create the most immediate demand for life
cycle approaches in themarket, with a “domino” effect. Whether and how the financial sector
incorporates life cycle approaches into their sustainability rating schemes could be a further
demand that will push the diffusion of life cycle approaches.

The growing knowledge of environmental problems and cause-effect mechanisms at local
and global level determines emerging needs for the assessment of environmental impacts.
That translates into efforts to improve life cycle inventories, enriching available local and
global data and information, and integrating the life cycle impact assessment models to in-
clude more detailed and site-specific cause-effects relationships. At the same time, the users
of life cycle tools need to have available life cycle evaluations with intelligent results, which
include uncertainties and knowledge limitations ( Jolliet, 2006).

Climate change stresses terrestrial ecosystems, increasing seasons’ length, and altering
community composition; these stresses enhance productivity and water-use efficiency, but
also lead to increased mortality and disturbances from wildfires, insects, and extreme mete-
orological events. Next, changes of life cycle tools must consider the link of climate processes
with Earth system models, including vulnerability-adaptation descriptors such as atmo-
spheric and oceanic states, land use, habitat loss, water availability, wildfire risk, air quality,
crops, and fishery (Bonan and Doney, 2018). For future-oriented decisions, environmental as-
sessment life cycle methodologies must progressively include indirect impacts, related land
use, water consumption, air emissions, acidification, eutrophication, and so on. For this pur-
pose, the traditional LCA model must be combined with other disciplines, such as general
and partial equilibrium models from economic sciences (Hellweg and Milà i Canals, 2014).

Until now, the social and ethical dimensions of sustainability have not been given the same
attentionwithin the business community, since the benefits are less tangible. However, exam-
ples of positive links exist between environmental improvements and health and safety im-
provements in the workplace. Now, a general trend shows companies’ and governmental
policies to be more sensible towards integrated management systems in order to take into
consideration also health and safety issues, as well as other social aspects (Zamagni, 2012).
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Emerging approaches combining LCT, triple bottom line, and sustainable development
goals prove that some difficulties remain to solve. Focusing on LCSA, its application requires
proper and quantitative data andmethods for LCSA indicators, including dealing with value
choices and subjectivity and the guidelines for external communication (Guin�ee, 2016).
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2.1 Sustainability and sustainable development:
Main concepts and approaches

The world is nowadays unsustainable (WBCSD, 2010; UN News Centre, 2012). KPMG
International (2012) identified 10 “mega-forces” (climate change, energy and fuel, material
resource scarcity, water scarcity, population growth, wealth, urbanization, food security,
ecosystem decline, and deforestation) that challenge our world and, if not adequately and
urgently tackled, could undermine human life and the environment in the next 20years.
Oxfam International (2014) affirms that social inequalities are rising, despite the development
of emerging countries. The Intergovernmental Panel for Climate Change (IPCC, 2015) states
that extreme events related to climate change are increasing in frequency. These are only
some examples of the dangers humanity is facing today and which will have to deal with
in the future.

Sustainability has probably become the most used approach to development in the last
three decades, entering the discourse in numerous disciplines at all levels. Researchers,
political institutions at all levels, businesses, and civil society organizations, all give their
own interpretation to the concept. As a consequence, sustainable development has several
meanings and definitions and there is no agreement about it (Mebratu, 1998; Giddings
et al., 2002). This chapter will only provide the reader with a brief overview on the origins
and main characteristics of the concept.
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2.1.1 The Brundtland definition

The term sustainability firstly appeared within the report of the World Commission on
Environment and Development “Our Common Future” in order to describe a new approach
to development which should “meet the needs of the present without compromising the
ability of future generations to meet their own needs” (Brundtland et al., 1987, p. 41).
This new approach is derived from a progressive acknowledgement of the insufficient pro-
gress made to defeat poverty and to ensure well-being to all human beings as well as of the
environmental boundaries given by a planet with finite resources. As amatter of fact, that was
a time of oil crises and rawmaterial price increase, the fall of the Berlinwall, and the end of the
decolonization process with the consequent questioning of the bipolar/triple pole world
division, the Sahel environmental crisis and the great famine, the raise of consciousness about
finite fossil resources, nuclear catastrophes, and the fruits of unequally distributed growth.

Therefore, the ultimate goal of Sustainable Development is assuring wellbeing to the whole
global population in the present (intra-generational equity) and in the future (inter-generational
equity) at the same time.Consequently, the concept implicitly underpins the need for a long-term
perspective. The World Commission on Environment and Development also acknowledges the
inter-dependence between social, economic and environmental aspects. Sustainability is thus an
invitation to an interdisciplinary approach while coping with development issues.

Except for these theoretical inferences, the Brundtland definition has been largely
criticized for being ambiguous. According to Wackernagel and Rees, this was done on
purpose in order to be widely and transversally accepted (1996 as cited in Giddings et al.,
2002) through interpreting the concept in the most diverse ways (Pearce et al., 1989).

Development is seen as a broader concept than economicwealth and growth. As Sen (1999)
states, development is a set of conditions that allow a subject to realize its potential: any per-
son can function if she/he has the means (physical, psychological, social, relational, …) that
release her/his ability to function. Although the concept of sustainable development has of-
ten been summarized in a the three-pillar approach (normally represented as a three-
intersected-ring sector), for many authors the idea behind it is even wider: Sustainable Devel-
opment is considered to be holistic (Pike et al., 2007). Thus, a three-dimensional approach
does not allow us to see the real potential for inclusiveness of the concept. Development is
then brought by concomitant progress of integrated dimensions.

Some of the major concepts given above can be summarized by Dyllick and Hockerts (2002,
p. 1), defining sustainability as the “societal evolution towards a more equitable and wealthy
world in which the natural environment and our cultural achievements are preserved for
generations to come”. A clear image is also given by Raworth’s Doughnut Economics (2017),
which represents a “sage and just space for humanity” in a doughnut shape where the outside
boundary is made by environmental constraints and sustainability challenges and the inside
one by 11 social elements based on fairness and the wellbeing of humanity; keeping producing
and consuming within the doughnutmeans developing an inclusive and sustainable economy.

2.1.2 Main approaches to sustainable development

The United Nations Handbook of National Accounting (UN et al., 2003) identifies three
different approaches to sustainable development: three-pillar, ecological, and capital
approaches.
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The Capital approach to Sustainable Development (Daly and Cobb, 1989; Pearce et al.,
1989; Pearce and Turner, 1990) has been developed in order to make sustainability concep-
tually closer to the business sector and raise its attention on the issue (Goodwin, 2003). Ostrom
and Ahn (2003) define capital as a set of resources that could be immediately consumed,
but are instead allocated to future wealth generation. In this case, the economic rule of
nondeclining capital, or capital maintenance (Victor, 1991), has been transposed to the
concept of sustainable development. TheHandbook ofNational Accounting (UnitedNations,
2003) defines sustainable development as one that ensure a nondeclining pro capita national
wellness by replacing or conserving the sources of that wellness, that is to say different
capital typologies’ stocks. Several capital classifications exist identifying four, five, or six cap-
ital typologies considering financial, man-made, social, human, cultural, and natural capital
(Forum for the Future, n.d.; Goodland, 2002; Goodwin, 2003; Hallsmith and Lietaer, 2011;
International Integrated Reporting Council, 2013). Development is then sustainable if the
sources of wealth (man-made, social, cultural, human, financial, and natural capital) are
maintained rather than depleted or degraded in order to leave to the future generations a
capital stock able to deliver the same wellbeing current generations have access to (Pearce
and Atkinson, 1998; Forum for the Future, n.d.; Goodwin, 2003; Hallsmith and Lietaer, 2011).

An open discourse exists concerning the substitutability or complementarity between
capitals, and especially between the natural and the other forms of capital (UN et al.,
2003). On the one side, according to the weak sustainability idea, the overall capital has
to bemaintained over time, while the different capital types can be substituted between them.
On the other side, the strong sustainability approach affirms capital nonsubstitutability
(Pearce and Atkinson, 1993; UN et al., 2003; Dietz and Neumayer, 2007). This derives
from the fact that different capitals are responsible for delivering different functions (Ekins
et al., 2003), and some capitals actually have value only if combined together (complementar-
ity). However, Turner (1993 as cited in Ekins et al. 2003) identifies somemiddle ways between
the two rules, presenting four positions. On the one side, very weak sustainability consists
in complete capital substitutability, whereas weak sustainability admits substitutability
between natural and manmade capital with minor exceptions. On the other side, Strong
sustainability affirms that substitution between natural and manmade capital could be
importantly undermined by the irreversibility of certain natural capital depletion or deteri-
oration, or by the existence of critical natural capital stocks delivering unique functions
indispensable for life. Moreover, the depletion of certain natural capital stocks could
have no impact until a given threshold, showing nonlinearity after passing it (Rockstrom
et al., 2009; Dyllick and Hockerts, 2002). Given the uncertainty consequent to an incomplete
scientific knowledge concerning nature and society-environment interactions, the precau-
tionary principle is thus supported by numerous authors and institutions (Pearce and Turner,
1990; United Nations, 1992a, b). Lastly, very strong sustainability proposes complete
nonsubstitutability between capitals but it is not taken into concrete consideration, whereas
the most likely approaches seem to be weak and strong sustainability. Fig. 2.1 represents the
different capital substitutability scenarios based on a very weak, strong, or very strong sus-
tainability approach. With a very weak sustainability approach, there is a complete substitut-
ability among different capitals (namely natural, social, cultural, human, financial, and
manmade). With a strong sustainability model the concept of critical capital stock is intro-
duced. Substitutability among different capitals can be only partially accepted until specific
thresholds of critical capital stocks. Depleting critical capital stocks can be risky in terms of
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irreversibility of that specific form of capital regeneration. The very strong sustainability ap-
proach is the more prudent model not allowing any substitutability.

The three-pillar approach is the most widely known one. It underlines the importance
of addressing the economic, environmental, and social dimensions of sustainable develop-
ment simultaneously because of their urgency, inter-dependency, and interconnection
(cf. Giddings et al., 2002 for a graphic representation). As a consequence, according to this
view, the three focuses are equally important and must be equally weighed. Some weak
points are also acknowledged. First of all, a risk is supposed for a technical fix approach
in coping with sustainable development issues (Giddings et al., 2002); that is to say that
themodel, though showing the interconnection about different dimensions, is unlikely to tear

FIG. 2.1 The figure represents the different capital substitutability scenarios based on a very weak, strong, or very
strong sustainability approach. (Credits: Marta Avesani)
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down the “silo thinking” in problem-solving. Secondly, giving the same importance to the
three dimensions leads to the idea of trade-offs among sectors, in line with a weak sustain-
ability approach, allowing substitutability among different capital typologies.

The ecological approach sees the environment as the priority, since the social and economic
systems cannot exist without the life-support services and resources provided by nature.
In that sense, compared to the three-pillar approach this one is more coherent, with a
strong sustainability approach affirming a nonsubstitutability of critical stocks of natural
capital (cf. Giddings et al., 2002 for a graphic representation).

2.2 Sustainability in the global public agenda

After the first appearance of the concept of Sustainable Development within the World
Commission on Environment and Development in 1987, the first United Nations Conference
on Environment and Development (UNCED) took place in Rio de Janeiro in 1992, also known
as the Rio Conference or Earth Summit. This global meeting led to three main outputs: (i) the
adoption of the Rio Declaration; (ii) the adoption of a Sustainable Development Programme
called Agenda 21; (iii) the adoption of the United Nations Framework Convention on Climate
Change (UNFCCC).

The Rio Declaration (United Nations, 1992a) stated the centrality of present and future
human beings in any concerns and the need of an integration of the environmental protection
principle within the development process, while confirming the right of sovereign states to
exploit their own resources as long as they commit to warning each other about any danger-
ous activities. In addition, it linked environmental and poverty issues as interdependent
and concerning all countries, with common though differentiated responsibilities. Lastly,
it affirmed the need to stop nonviable production and consumption patterns and to encour-
age the viable ones. Compared to previous international policies, three new approaches were
suggested for taking action: (i) active engagement and participation of citizens;
(ii) identification and engagement of stakeholder groups to be engaged, such as NGOs, labor
unions, local authorities, companies, the scientific community, youth groups, women, and
local communities; (iii) an integrated vision of the interdependence among peace, develop-
ment, and the environment.

Agenda 21 (United Nations, 1992b) was the first internationally agreed sustainable
development program, which put into practice the new approaches proposed within the
Rio Declaration. For instance, the subsidiarity principle is applied, envisioning a participative
implementation of the agenda at the local level, as themost appropriate in terms of education,
mobilization, resource exploitation, planning and economics, and social and environmental
infrastructure maintenance.

Lastly, the UNFCCC (United Nations, 1992c) is the first United Nations attempt to clarify
what climate change is and how to cope with it. Three main principles are proposed through
this framework: (i) precaution; (ii) common though differentiated responsibilities; and
(iii) right to development. The framework is not binding, but it provides countries the pos-
sibility to engage further internationally. The Kyoto Protocol (United Nations, 1998), in effect
from 2005 to 2012, is the first example of this kind.

During the United Nations Conference on Sustainable Development (Rio+20) in 2012, the
development of a set of goals and targets aiming at promoting sustainable development
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globally was included in the nonbinding document resulting from the conference called “The
Future We Want” (United Nations, 2012). The Agenda 2030, based on 17 Sustainable Devel-
opment Goals (SDGs), was actually adopted in 2015 by theUnitedNationsGeneral Assembly.
Reasonably, these new goals were thought to substitute the previous Millennium Develop-
ment Goals (MDGs) to be met by 2015. The former set of goals was not successful everywhere
for different reasons. Firstly, the focus was given to development issues, treating the environ-
mental dimension as a separate goal without any strong interconnection with the social one.
Secondly, MDGs mainly targeted the so-called developing countries without taking into any
account the strong interdependence between them and the wealthier countries for what con-
cerns the socioeconomic and environmental dimensions. Lastly, MDGs were operationalized
at the institutional and technical level, without any engagement of other involved stake-
holders such as citizens and local communities or companies. On the contrary, SDGs were
developed trying a different approach based on the weak points, which influenced the failure
of the previous agenda. SDGs are global goals; every country in the world should work to
meet them. Moreover, the silo thinking is overcome by a 17 interlinked goal structure, with
goals that combine environmental, social, and economic aspects at the same time. Lastly, a
multistakeholder approach is considered the best one to tackle complexity. For this reason,
every level and stakeholder is called to contribute to the global goals: from states to local ad-
ministrations, from NGOs to citizens, from companies to social businesses, from research in-
stitutes and universities to schools.

2.3 Business sustainability

Business sustainability has a paramount role in the context of global unsustainability. Busi-
ness responsibility on this issue is largely supported by nongovernmental organizations
(NGOs), such as Oxfam International. For instance, the organization affirms that the business
practice of tax dodging constitutes an unjust advantage for big companies over small and
medium enterprises, and deprives countries of an important income to tackle poverty and
inequalities. Moreover, businesses are often responsible for poverty wages (Oxfam
International, 2014).

The recent encyclical letter on the environment by Pope Francis also states that negative
environmental impacts such as pollution, water shortage, natural resource depletion, and
deforestation account businesses as one of the main responsible parties. It also invites com-
panies to follow their vocation of serving the common good through positive value creation
(Pope Francis, 2015).

In 2015, the IPCC affirmed that business-as-usual should be urgently left forever for global
temperature increase to stop below 2°C relative to preindustrial levels, in order to prevent
irreversible climate changes and unknown scenarios. The special IPCC report published in
2018, while stating that 1°C temperature growth above preindustrial level has already been
reached, drew the pathway for it to be halted at a 1.5°C increase by 2030. SDG 12 “Sustainable
Production and Consumption” is considered coherent with the identified pathway.

The need for a change in the business model was also supported by former United Nations
Secretary-General Ban Ki-Moon (2014) in his report on the post-2015 agenda, and indirectly
implied by the new 2030 Agenda through goals and targets such as #12 Sustainable Produc-
tion and Consumption, target 12.C:
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Rationalize inefficient fossil-fuel subsidies that encourage wasteful consumption by removing market
distortions, in accordance with national circumstances, including by restructuring taxation and phasing out
those harmful subsidies, where they exist, to reflect their environmental impacts, taking fully into account
the specific needs and conditions of developing countries and minimizing the possible adverse impacts on
their development in a manner that protects the poor and the affected communities.

and #8 Economic Growth and Decent Work, target 8.4:

Improve progressively, through 2030, global resource efficiency in consumption and production and
endeavor to decouple economic growth from environmental degradation, in accordance with the 10-year
framework of programs on sustainable consumption and production, with developed countries taking
the lead.

In recent decades, companies themselves have started to acknowledge their responsibility in
global sustainability issues due to their negative impacts on society and the environment
together with the need for the business sector to be part of the solution in order to actually
shift from business-as-usual to a sustainable world where every citizen live well within
planetary boundaries (WBCSD, 2010). The needed change does not encompass only the busi-
ness model but also broader economic system and consumption patterns (WBCSD, 2010;
Dyllick and Muff, 2015). As a matter of fact, Gray (2010) and Gray and Bebbington (2000)
accuse capitalism of contributing to unsustainability, since it is based on short term financial
return on investment, consumerism, and greed. As a consequence, Townsend (2015) envis-
ages a shift from capitalism to “capitalism 2.0,” or sustainable economy. This is an economic
system no longer based on resources exploitation and financial revenues but rather on
prosperity for both people and firms within planetary limits.

The need for business sustainability derives from the acknowledgement of a gap existing
between corporate activities and global environmental and social performances. From an
environmental point of view, Rockstrom et al. (2009) states that industrialization has brought
the world into a new era where human activities are responsible for major changes in the
environment, which could have dangerous impacts in the future. The Millennium Ecosystem
Assessment (MEA, 2005 as cited inDyllick andMuff, 2015) demonstrated that 15 out of 24 eco-
system services have been deteriorated in the past 50years because of human actions, while
only four are in better condition. According to the United Nations Financial Initiative (UNEP-
FI, 2011), in 2008, the human race cost nature $6.6 trillion, corresponding to 11% of the world
gross domestic product for that year. Similarly, the 3000 world’s biggest publicly traded com-
panies were responsible for $2.15 trillion of environmental cost. The German footwear com-
pany, Puma, in partnership with Trucost, has been the first firm to account and monetize its
hidden debt to nature for all the services the environment provides for its business activities.
In 2010, the company should have paid nature for 8million Euros, 145million if external part-
ners in the supply chain were also included, though the latter normally serve more than one
company at a time (Puma, 2011).

Although environmental issues and impacts receive a great part of the global attention, the
business world has also a relationship with the social dimension of sustainability. Azapagic
and Perdan (2000) state that industry is recognized both to degrade the environment
and deplete natural resources and to contribute to societal development and prosperity.
For instance, business provides income, training, and social security to a large number of
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employees all over the world (WBCSD, 2002). Companies have also a responsibility for
the safety, health, and environmental conditions of the places where they operate (KPMG
International, 2014). Moreover, according to Gray and Milne (2002), social disparities are a
congenital component of capitalism since they split the world into capitalists and workers.

According to Paul Polman (2015), Unilever’s former Chief Executive Officer (CEO), social
and environmental goals have been fixed by the 75% of the largest firms. However, although
corporate commitment to sustainable development has become mainstream in the last
decades, this has not effectively contributed to the reduction of the human environmental
footprint or of global social problems (Dyllick and Muff, 2015). On the contrary, these appear
to be exacerbated.

For all these reasons, the business sector is supposed to have a responsibility in the path
toward global sustainability. In 1992, the World Business Council for Sustainable Develop-
ment (WBCSD), a CEO-led organization of forward-thinking companies, was created to
represent the business voice at the Rio Earth Summit. According to its founder, Stephan
Schmidheiny, a Swiss entrepreneur and philanthropist, business has an unavoidable respon-
sibility in sustainable development (“WBCSD”, n.d.). Twenty-nine WBCSD members have
recently worked on Vision 2050, envisaging nine billion people living well and within
the limits of the planet (WBCSD, 2010, p. 4). They acknowledged the impossibility to reach
the vision with a business-as-usual attitude and the need to decouple economic growth from
resource depletion and environmental degradation through radical changes in governance,
economic frameworks, and business and human behaviors. A similar belief is also supported
by the Council of Academies of Engineering and Technological Sciences, which states that
industrial processes and resource management should be modified in order to bring about
Sustainable Development (Azapagic and Perdan, 2000).

2.3.1 Evolution of the concept

The previous section discussed the relevance of the Business Sustainability concept. How-
ever, the above expressed arguments are the fruits of at least two decades of discussion,
research and debate. Therefore, this section will provide the reader with a short overview
on its origins and evolution.

The acknowledgement of the Earth as a planet with finite resources and of human impact
on the environment appeared long before 1987, in the 1960s (Elkington, 2004). Similarly, dur-
ing the 1970s a rise in the attention to social issues was observed, though it soon disappeared
during the 1980s and 1990s, only to come again with the new century with a new conscious-
ness linking interdependently together the environmental, social, and economic pillars
(Gray and Bebbington, 2000). Therefore, a first phase of environmental concern was raised
in the 1960s based on environmental regulation by governments and a passive, compliant
behavior by businesses (Elkington, 2004). However, this reactive approach by businesses
was shown to lack long-term viability because of its high costs. Business risk aversion and
cost minimization brought firms to act in a more active way (Azapagic and Perdan, 2000).

Elkington (2004) identifies a new phase taking place over the 1970s and the 1980s, charac-
terized by amoment of market liberalizations and privatizations. During this period business
tried to invert the legislation to its favor. At the end of the 1980s, the rise of the sustainability
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concept, with the Brundtland report in 1987, and several industrial accidents, gave birth to a
third phase. Suspicion concerning business behavior and reporting legislation or voluntary
disclosure support by governments drove business toward a more competitive behavior
based on being “green” (Kolk, 2003; Elkington, 2004). It is in this period that the WBCSD
was created in order to bring the business voice to the 1992 Earth Summit in Rio. During
the Conference, the organization, together with the International Chamber of Commerce,
acted to shift the public attention from the transnational companies’ impact on the environ-
ment and the need for new forms of business social accountability. On the contrary, a role for
business as part of a sustainable solution is supported, arguing the coincidence between busi-
ness sustainability and good business practices (Gray and Bebbington, 2000; Gray andMilne,
2002). Therefore, business shows now a pro-active approach driven by the rising idea of the
existence of a business case for sustainability (Azapagic and Perdan, 2000) and thus distanc-
ing itself from old corporate social responsibility (CSR), mainly focused on reputation (KPMG
International, 2014).

A last phase took place at the end of the 20th century. Civil society raised its voice against
international organizations, to which a responsibility for sustainable development is ascribed
(Kolk, 2003; Elkington, 2004). It is acknowledged that sustainable development cannot be
achieved through disconnected initiatives but through a new form of governance and strat-
egy at the global level and within business. Sustainability is embedded in business strategy
and it is communicated to external stakeholders via reporting (Azapagic and Perdan, 2000).

The described phases show an initial business diffidence toward business sustainability;
however, according to Little (n.d. as cited in Giddings et al., 2002), the relevance of
Sustainable Development is now recognized by 95% of the largest firms in Europe and the
United States.

2.3.2 Many approaches to business sustainability

Having discussed its relevance and its origins and evolution, the discourse is now ripe to
define business sustainability in its most common form, as well as to put the emphasis on
the vast amount of different interpretations related to the concept.

The most widely used definition of business sustainability is basically an adaptation of
the sustainable development definition to business. The International Institute for Sustainable
Development (IISD, 1992 as cited in Labuschagne et al., 2005, p. 1) defines business sustain-
ability as the adoption of business strategies and activities that meet the needs of the
enterprise and its stakeholders today while protecting, sustaining, and enhancing the human
and natural resources that will be needed in the future. Dyllick and Hockerts (2002) specify
that the needs to be met are of direct and indirect stakeholders and express the futurity
principle in terms of future stakeholder need rather than of solely natural resources.
A slightly different, more business-focused definition is given by Niţă and Ştefea (2014,
p. 2), who describe Business Sustainability as a business strategy that drives long-term cor-
porate growth and profitability by mandating the inclusion of environmental and social is-
sues in the business model. These different statements, though with some commonalities,
give in advance an idea of the varied meanings Business Sustainability can stand for. Some
of these different interpretations will be revised here below. However, some authors warn
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about the presence of misleadingmeanings of business sustainability (De Simone and Popoff,
1997 as cited in Dyllick and Hockerts, 2002). For this reason, the overview comprehends also
some of the main critiques to the different concept directions.

2.3.2.1 Triple bottom line

The concept of triple bottom line was created by John Elkington, an expert in corporate
responsibility and sustainable development, in 1997. It rises from the need for a new defini-
tion of added value, which goes beyond economic value and comprehends the environmental
and social costs and benefits that business brings to society. The idea is also known as “3P”,
standing for “people, planet, profit”, or “win-win-win” strategy, since it tries to combine
together social, environmental, and economic stakes supporting the ability of business to
manage them all (Elkington, 2004).

On the triple bottom line, Dyllick and Hockerts (2002) affirm that economic Business
Sustainability, which requires contemporaneously enough liquidity and financial returns
for investors, does not satisfy long-term sustainability alone. The satisfaction of ecological
and social business sustainability is also needed. Additionally, the two authors specify that
ecological business sustainability binds firms to use natural resources at a degree below their
recreation or substitute development and to produce waste at a level below the ecosystem
absorption capacity. Similarly, social business sustainability is related to human and social
capital enhancement from the company toward the different stakeholder groups. Moreover,
despite the presence of trade-offs between the groups, the community can count on a common
value system.

Elkington identifies seven revolutions for moving to sustainable capitalism including:

(i) free and competitive markets;
(ii) a global shift in human and societal values;
(iii) transparency through global reporting and disclosure;
(iv) life-cycle technology making firms responsible for the product “from cradle to grave”;
(v) partnerships with different organizations based on cooperation and mutual trust;
(vi) a combination of two apparently opposite time conceptions: one as fast as possible to

manage properly a global market and one based on a long-term time horizon essential
for sustainability; and

(vii) a corporate governance including stakeholders.

The triple bottom line approach has been criticized by several authors. Firstly, Gray and
Milne (2002) warn about the fact that, in the case of trade-off between the three bottom lines,
the financial aspect is given more importance than the others. It means that environmental
and social issues are subordinated to their ability to bring business profit. Nevertheless,
according to some authors, corporate economic sustainability should always be prioritized
since, if a firm is not able to stay in business, it cannot even contribute to the external
societal well-being (Labuschagne et al., 2005). Furthermore, McDonough and Braungart
(2002) criticize the triple bottom line as an “end-of-the-pipe” measure for business sustain-
ability, since it provides companies with strategies to minimize their negative impact instead
of designing a sustainable process and product from the beginning, avoiding negative
effects at all.
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2.3.2.2 Corporate social Responsibility

CSR is a tool adopted by numerous companies in order to take responsibility for the
detected social and environmental impacts. It normally goes beyond regulation compliance
(Corporate Social Responsibility, 2007) and, therefore, it can be considered a sign of business
pro-activeness. Nevertheless, CSR is meant in very different ways by companies. Pless et al.
(2012) identifies two different approaches to CSR. The first one is “instrumental”. It commits
companies to CSR only if economically profitable. Whereas the second “multifaceted” one,
aims at creating shared value for both investors and stakeholders. This second approach is
the one supported by the European Commission.

According to the Prince ofWales Institute, corporate responsibility should include respon-
sible core business activities, philanthropic investments, but also business involvement in
public-private partnerships (Nelson, 2002 as cited in Labuschagne et al., 2005). Labuschagne
et al. (2005) splits the “corporate responsibility strategy” into two main components: societal
and operational initiatives. The first one comprehends corporate social investments related to
external philanthropy, while the second one is related to business core activities. The authors
underline that business sustainability performance should be assessed based on sustainabil-
ity initiatives (environmental, social, and economic) related to the core business activities.
This is a really relevant elucidation given that a lot of businesses tend to confuse business
sustainability with their contributions to external social investments and philanthropic causes
mainly enhancing their image and reputation rather than their actual operations. This is an
argument supported by Porter and Kramer (2011), who highlight the risks of investing in
initiatives that have almost nothing to do with the business core. In fact, there is a risk for
these initiatives to be quitted as soon as they do not bring business benefit anymore. Showing
limited engagement with a start and an end point, it is thus difficult to maintain sustainability
in the long term. However, the two authors are criticized by Crane et al. (2014) who, though
recognizing that CSR literature seldom goes beyond the business case for CSR, argue the
existence of a “strategic CSR,” which embeds initiatives within the business strategy in order
to benefit the sustainability of the firm’s core activities.

A reductionist judgment on CSR initiatives seems to be given by KPMG as well when
writing:

This investment [in people, communities and the environment] entails far more than corporate philan-
thropy, CSR projects or “green” initiatives—worthy and important though thesemay be. To dowell in today’s
business environment, you increasingly have to measure, understand and pro-actively manage the value you
create, or reduce, for society and the environment as well as for shareholders. (KPMG International, 2014, p. 4)

Lastly, CSR has been criticized by Young and Tilley (2006) for referring only to socio-
efficiency, that is to say, social impact minimization and social benefit maximization in
relation to the created business value (Dyllick andHockerts, 2002), instead of considering also
socio-effectiveness, defined as a continual societal positive impact.

However, as mentioned at the beginning of this section, for some authors and organiza-
tions, CSR should not be a bolt-on set of initiatives put in force by companies to serve their
business case. On the contrary, it should focus on shared value creation. The critiques to CSR
by Porter and Kramer (2011) bring them to the elaboration of the “creating shared value”
theory willing to reshape the relationship between business and society in order to ensure
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prosperity for both subjects. The theory suggests economic value creation by creating societal
value through three different strategies. These are:

(i) rethinking products and markets based on society’s needs and societal benefits;
(ii) transforming the value chain through efficiency measures and stakeholder relationship

management; and
(iii) investing in local cluster development in order to strengthen business partnerships and

the link between business and society (Porter and Kramer, 2011).

Nevertheless, this theory is partly criticized byCrane et al. (2014) who affirm that, though it
represents a step forward involving stakeholders as value beneficiaries, corporate self-
interest is not discussed and stakeholders would always come after business profit. As an
alternative, they propose the adoption of multistakeholder processes as a true social perspec-
tive, where business is but one stakeholder among others, in order actually towalk toward the
common good of society. The importance of cooperating in partnership with external stake-
holders is also supported by Pfitzer et al. (2013) and Zimmermann et al. (2014) at all the pro-
cess stages for firmswilling to create shared value for business and society. In fact, companies
with an insufficient comprehension of societal needs can rely on other actors in order to gain
insight on their social purpose. Moreover, they can share innovation risks through the use of
incubators and activating partnerships (Zimmermann, et al., 2014) and hybrid innovative
business structures. Similarly, monitoring and assessment need an external view in order
to catch the shared value of the enterprise (Pfitzer et al., 2013).

However, Porter and Kramer (2011) were not the first ones to focus on a broader interpre-
tation of value creation. In fact, in their answer to Crane et al. (2014), they acknowledge the
contribution of Emerson (2003 as cited by Dyllick and Muff, 2015) and his “blended value”
concept, inviting businesses to seek profit, social, and environmental goals at the same time.
Nevertheless, Porter and his colleague take the distance from this theory affirming that it is
not meant to solve societal problems like theirs is designed for (Porter and Kramer, 2014).

In accordance with the multifaceted interpretation of CSR aiming at shared value creation
and willing to highlight the distance taken from an instrumental use of the concept, some
companies recently started to use “corporate sustainability” instead. The United Nations
Global Compact, a voluntary initiative for business sustainability, based on corporate CEOs
committed to bring about sustainability principles and UN goals (About the UN Global
Compact, n.d.), defines it as the business way of contributing to sustainable development
global challenges. It constitutes in moving their means and skills for economic, social, envi-
ronmental, and ethical value creation, both for business and for society in the long term. This
implies the incorporation of sustainability principles into core business strategies, acknowl-
edging business transformative power (UNGC, 2013).

The presented critiques to instrumental CSR mainly propose a continuous business com-
mitment to the outside by delivering positive value. Interestingly, Moneva et al. (2006), while
agreeing on the reductionism of CSR as a set of initiatives inside the organization, points out
its distance from sustainable development. In fact, the latter has a normative intention leading
to deep global systemic changes, whereas the former acts within the status quo.

2.3.2.3 Eco-efficiency

According to McDonough and Braungart (1998), the concept of eco-efficiency, though not
with this name, can be dated back to Henry Ford and his efforts to achieve resource
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minimization and recycling in the assembly line. Always indirectly, it was used in the
Brundtland report (1987), envisaging more resource efficiency and less pollution and mini-
mization of the irreversible negative impacts to society and the environment. However, its
formal appearance takes place in 1991 by the just-born WBCSD.

Eco-efficiency is a concept linking together the environmental and economic dimen-
sions and it is defined as doing more with less (McDonough and Braungart, 1998,
p. 2), as a firm’s economic profit in relation to its environmental impact (Schaltegger
and Sturm, 1990, 1992, 1998 as cited in Dyllick and Hockerts, 2002) or as maximizing
value while minimizing impact (WBCSD, 2002). However, Schmidheiny and Stigson
(2000), within their report on eco-efficiency for the WBCSD, argue that these are reduc-
tionist views and invite us to see eco-efficiency also as a concept that should prompt us
toward new production solutions not only within the firm’s framework, but also along
the whole value chain. Nevertheless, eco-efficiency is a largely criticized concept. First of
all, Welford (1997 as cited in Dyllick and Hockerts, 2002) and Schaltegger and Sturm
(1990, 1992, 1997 as cited in Dyllick and Hockerts, 2002) point out that eco-efficiency
is often used by businesses as a synonym of sustainability, whereas this is but one
measure among many of a broader concept.

Secondly, Gray and Milne (2002) argue that the absolute impact of each business on every
resource base should be aggregated in order to actually measure for environmental sustain-
ability. As a matter of fact, a company who can minimize its environmental damages is only
relatively sustainable, whereas, in absolute terms, the amount of damage produced by all
businesses together could still be unsustainable for the planet. Gray (2010) defines sustain-
ability as a systemic concept, which has to be considered at the eco-systemic level. The need
for absolute thresholds is also supported by Dyllick and Hockerts (2002), who affirm that
irreversibility, nonlinearity, and nonsubstitutability principles applied to natural capital
depletion make it unsustainable to only rely on eco-efficiency.

Young and Tilley (2006, p. 3) summarize this critique, defining eco-efficiency as an insuf-
ficient illusion of short-term relative improvements for a business willing to be truly sustain-
able. This illusion decreases the feeling of culpability and worry about the future without
actually solving the problems since, despite the relative improvements, resources and
nonrenewable energy sources continue being unsustainably used and ecosystems damaged,
and what does decrease is only the rate of depletion and deterioration (McDonough and
Braungart, 1998). Additionally, Gray and Bebbington (2000) argue the ineffectiveness of
eco-efficiency measures also comparing sustainability indicators at 5years of distance from
the first eco-efficiency initiatives taken at the Rio 1992 conference. Their results showed that
these indicators worsened during that 5year span. Furthermore, Gray andMilne (2002) doubt
that capitalistic businesseswould be really interested in broadening efficiency to effectiveness
measures, meant as an absolute decrease in business, social, and environmental impacts, for
two main reasons. Firstly, this would probably imply a decrease in production undermining
the concepts of consumerism and, ultimately, of growth. Secondly, social disparities are a
fundamental capitalistic element.

Lastly, eco-efficiency, relating together only the economic and environmental dimensions,
does not take into account social aspects, thus forgetting an indispensable and integral part of
sustainability. This last argument is relatively common, asmany businessesmean sustainabil-
ity as only related to the environment. This is partly due to the difficulties in measuring the
majority of social impacts.
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2.3.2.4 True business sustainability

In recent years, a step forward in the concept of business sustainability was made by sev-
eral authors (i.e., McDonough and Braungart, 1998, 2002; Dyllick and Hockerts, 2002; Young
and Tilley, 2006; Dyllick and Muff, 2015). This concept evolution will be referred to with the
expression “true business sustainability,” used by Dyllick andMuff (2015). A question imme-
diately emerges: why “true”? Was business sustainability not true? Where does the need for
“true” business sustainability come from?

In fact, the adjective “true” has not only been recently used by the aforementioned authors,
but companies started to apply it to other concepts such as “true cost,” “true price,” “true
earning,” “true profit,” “true progress,” and “true value.” All these concepts were created
based on the recognition that companies have impacts on society and on the environment that
are not taken into account. These impacts correspond to business externalities since, being
difficult to be measured, they do not have a price and they are thus considered outside
the market. The ignorance of externalities leads to a narrow definition of value creation,
which is challenged by sustainable value creation, implying the account of all costs and
benefits (Fatemi and Fooladi, 2013). As a consequence, in recent years, several business
accounting organizations and other business-related institutions started to find ways to
measure, through monetization (true price), business impacts (true costs) to society and
nature. This was done in order to internalize externalities and assess firms’ true earnings
or true profit and ultimately, their true value—that is, a value benefiting both shareholders
and society (WBCSD, 2010; True Price Foundation, 2012; KPMG International, 2014). It has to
be mentioned that externalities refer in general to all of what is not accounted within the
corporate statement, positive or negative, meaning that externalities could also include
hidden benefits given by the firm to the outside (KPMG International, 2014).

Trucost, a company helping businesses to identify their hidden costs and impacts, applies
this approach in terms of risk minimization for business (“What we do”, n.d.). Nevertheless,
the True Price Foundation (2012) seems to be more vocal in terms of expressing the
potential of externalities internalization. Firstly, monetization means fostering sustainability
through the use of markets; secondly, internalization of externalities creates transparency,
as it is widely questioned by consumers. Thirdly, transparency can turn into more profitabil-
ity for businesses, implying more competitiveness and license to operate; and lastly,
the whole process envisages multistakeholder cooperation instead of conflict leading to
unpredictability.

Although these new concepts are bringing business sustainability a step forward, the
abovementioned authors researching on true business sustainability seem tomean something
deeper and broader than mere internalization of externalities, which could bring business
sustainability to a new level. In this case, the “true” addition seems to refer to an implicit
critique to the reductionist approach to business sustainability, which has characterized
the discourse and the initiatives up to now.

Dyllick and Muff (2015) highlight the lack of evidence concerning an actual benefit of
Business Sustainability initiatives to Sustainable Development. The assimilation of sustain-
ability to eco-efficiency is, according to Gray and Bebbington (2000), a signal that the
business-as-usual growth and profit maximization are not questioned and alleviating global
issues is preferred to solving them (McDonough and Braungart, 1998). Starting from these
premises, Dyllick and Muff create the concept of true business sustainability, referring to a

34 2. Sustainability, sustainable development, and business sustainability



business that designs its existence around its contribution to solving societal and environmen-
tal issues. It is also important tomention that they fully acknowledge the importance of all the
steps made in terms of business sustainability concept evolution and practices until the pre-
sent moment, and they see true business sustainability as a final goal to reach through a path
that sees businesses at different levels of awareness and capability for change.

The two authors gave birth to the Business Sustainability Typology Framework, showing
four different business models, three of which present different degrees of sustainability (1.0,
2.0 and 3.0), moving from a business-as-usual model, that is to say, a business model totally
focused on profit maximization and shareholder value creation externalizing natural and
social costs. Business Sustainability 1.0 uses the three-dimensional concern in order to min-
imize costs and maximize benefits for shareholders; therefore, a Business Sustainability
1.0 company could indirectly create value also for other beneficiaries. However, a more
important change takes place with Business Sustainability 2.0. This business model acknowl-
edges the existence of three bottom lines and Business Sustainability 2.0 firms act in order to
pursue not only economic profit but also social and environmental value creation through
what has become popularly known as Corporate Social Responsibility. This is a way for com-
panies to manage their risks and opportunities. Both 1.0 and 2.0 typologies adopt an inside-
out perspective. This means relying on improvements and basing on what already exists
following an efficiency approach. On the contrary, Business Sustainability 3.0 embraces an
outside-in perspective, finding the sense of doing business in the business contribution to
solve societal issues through its own skills. This innovative approach brings to a step forward
also the value creation aspect. In fact, in the case the 3.0 typology, or true business sustain-
ability, the common good becomes also an indispensable value creation beneficiary. As
Roberts (2004 as cited in Fatemi and Fooladi, 2013) states, business exists to serve human
needs. Only when the shift to outside-in perspective takes place can a business be considered
truly sustainable.

The authors are self-critical about the feasibility of Business Sustainability 3.0, since this
implies profit-driven companies focusing on sustainability and the common good. Neverthe-
less, they support the model as far as sustainability is embedded as the core of the business
strategy through an outside-in approach. Moreover, they are doubtful about the ability of big
companies to reach true business sustainability, and they see the issue of ownership as the
biggest obstacle. In fact, stock-quoted corporations, having to do with the financial markets,
are far more dependent on their shareholders and on their financial performance (Muff and
Dyllick, 2014). According to the Economy for the Common Good movement, business reve-
nues should be used for investment in the company and providing owners and employees
with an income, whereas they should not pay interest to external investors, so that the com-
pany can aim at the common good without pressure for income maximization (Felber, 2012).
Nevertheless, the impossibility for big corporations to be truly sustainable has not been
demonstrated and the authors are currently searching for examples of businesses that could
match the model, as well as for strategies to engage businesses for a further shift. Lastly, the
authors acknowledge that starting a new business under the Business Sustainability 3.0
model (i.e., benefit corporations, social entrepreneurship, common good companies, etc.) is
easier than shifting from Business Sustainability 2.0 to Business Sustainability 3.0. However,
they also think that a shift of big corporations to true business sustainability is indispensable
for planetary and societal sustainability (Muff and Dyllick, 2014).
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In order actually to solve societal issues, sustainability should be at the center rather than
business itself (Gray and Bebbington, 2000). However, according to a research run by Gray
and Bebbington (2000) on transnational companies and sustainability, an important part of
these corporations does not, cannot, or will not support sustainability if it endangers their
financial return and, ultimately, their existence. In fact, a change in business sustainability
model from business-centered to sustainability-centered could actually challenge the core
of current business. Muff and Dyllick (2014) envisage new business models supported by
a different idea of business and by suitable legal frameworks. However, Dyllick and Muff
(2015) underline that the economic model and consumer behavior require changes as well
in order for true business sustainability to work out.
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3.1 Life cycle assessment methodology

Life Cycle Assessment (LCA) methodology was born in order to face the need for methods
for understanding and addressing environmental protection and the impacts of products. In
other words, it was born to provide information to show the effects of an activity on the
environment and to identify opportunities for making changes to reduce the environmental
impacts (Perriman, 1993). Currently, the LCA methodology is standardized by two interna-
tional standards, namely ISO 14040:2006 and ISO 14044:2006.

According to a well know definition given by SETAC, LCA is a methodology to evaluate
the environmental burdens associated with a product, process, or activity. It identifies and
quantifies energy and materials used and waste released to the environment; it assesses
the impact of energy, materials, and releases to the environment; it identifies and evaluates
opportunities for environmental improvements. LCA embraces the entire life cycle of a prod-
uct, process, or activity, encompassing extraction and processing of raw materials;
manufacturing, transportation, and distribution; use, reuse, maintenance; recycling, and final
disposal (SETAC, 1993). Thus, it aims at assessing the environmental burdens through the
identification and quantification of energy and materials consumed, waste produced, and
possible environmental improvements at various points in the life cycle of products, pro-
cesses, and activities.
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The currently accepted definition of LCA is “compilation and evaluation of inputs, out-
puts, and potential environmental impacts of a product system throughout its life cycle,”
which typically occurs in four steps (ISO, 2006a,b), as shown in Fig. 3.1.

The first phase is the description of the goal and scope, which includes defining the
objectives of the study and setting the system boundaries. The second phase, called inventory
analysis, compiles inputs and outputs for each process in the life cycle and sums them across
the whole system. Typically, several hundreds of emissions and resources are quantified.
In the third phase, known as life-cycle impact assessment (LCIA), emissions and resources
are grouped according to their impact categories and converted to common impact
units to make them comparable. The final phase is the interpretation of the inventory and
impact assessment results in order to answer the objectives of the study (Hellweg and
Milà i Canals, 2014). A scheme representing the application of the LCAmethodology is shown
in Fig. 3.2.

Thanks to its characteristics, LCA is also used to inform decision-makers in industry,
government, or nongovernment organizations; to select indicators of environmental perfor-
mance; and to implement eco-labeling and make environmental claims. As a decision
support tool, LCA is generally applied to a product, but also to a system or service (Tillman
and Baumann, 2004). For instance, Liamsanguan and Gheewala (2008) used LCA as a decision
support tool for environmental assessment of municipal solid waste management systems.
Ramasamy et al. (2015) usedLCAas a tool to support decisionmaking in the biopharmaceutical
industry, revealing considerations and challenges; whereas Means and Guggemons (2015) de-
veloped a framework for environmental decision-making based on LCA for commercial
buildings.

Dong et al. (2018) analyzed the need and obstacles for integrating LCA into decision
analysis, whereas Zanghelini et al. (2018) studied how multicriteria decision analysis
is aiding LCA in results interpretation. LCA is also used as a support for decision mak-
ing in the public sector; for instance, Gu�erin-Schneider et al. (2018) focused on how bet-
ter to include environmental assessment in public decision-making in the case of
wastewater treatment, and Jouini et al. (2019) developed a framework for coupling
a participatory approach with LCA for public decision-making in rural territory
management.

A detailed literature review on sustainable evaluation for energy systems carried out by
Campos-Guzmán et al. (2019) revealed that LCA and multicriteria decision-making tech-
niques, when used in combination within the same methodological framework, can be an ef-
fective tool for sustainable evaluation. In particular, the combination of LCA and analytic
hierarchic process is often used for its simplicity and robustness for sustainable evaluation
in energy systems.

3.1.1 Goal and scope definition

The goal definition comprises the identification of the intended application, the reasons
for carrying out the study, the stakeholders involved, and how the results are intended to
be used; i.e., if they are intended to be used in comparative assertion or if they are
intended to be disclosed to the general public. The scope instead defines the dimension
and detail of the study to reach the goal. In the scope, the following items have to be
defined (ISO, 2006a):
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FIG. 3.1 Phases of the LCA methodology.
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– product system;
– functions of the product system;
– functional unit;
– system boundary;
– allocation procedures;
– impact category and methodologies of impact assessment;
– data requirements;
– assumptions;
– limitations;
– initial data quality requirements;
– type of critical review; and
– type and format of the report.

Themain item is the functional unit, which allows quantifying of the identified functions of
the system or product, is the reference unit for the calculation of the inputs and outputs, and
ensures comparability in case of comparative studies. An LCA study has to be conducted by
defining product system and the system boundaries, which are necessary to establish the
functions to be considered. Ideally, inputs and outputs should be elementary flows. However,
the choice of the elements of the system depends on the goal and scope of the study, the
intended application, the audience, the assumptions made, data, cost and cut-off criteria
(ISO, 2006a), namely the criteria to establish the threshold under which it is possible to ex-
clude not significant environmental burdens.

3.1.2 Life cycle inventory (LCI)

This stage covers data collection and calculations to quantify the relevant inputs and out-
puts of the system. It is an iterative step and thus, further data requirements or limitations
may be identified to meet the goal of the study during the conduction of the analysis. The
main data required to conduct an LCA study are (ISO, 2006b):

– consumption of inputs;
– products, co-products and waste flows;
– emission to air, water, and soil; and
– other environmental aspects.

Input and output data have to be organized as usage of raw material, water usage, energy
consumption, emission into water, air, and soil, and waste. In addition, the following items
have to be indicated (ISO, 2006a):

– data sources;
– reference process
– reference technology
– geographical area;
– monitoring details;
– measuring methods; and
– specific units of measurement.
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After data collection, a calculation procedure to validate the collected data has to be
implemented; data have to be connected to the unit process and to the reference flow of
the functional unit. These actions are necessary to generate the results of the inventory phase.

In this phase, a required item concerns allocation procedures. The main problem is which
flows and environmental interventions must be allocated to the functional unit, and which
should be allocated to other product systems. Within LCA studies, two different cases have
to be distinguished for the application of allocation procedures (Toniolo et al., 2017a). The first
case occurs when simultaneous products are manufactured and thus, different inputs and
outputs shall be allocated to different products, whereas the second case occurs when subse-
quent products are realized in recycling or reuse systems. In general, almost all of the indus-
trial processes produce more than one product or recycle a portion of the waste material
(Frischknecht et al., 2005, 2007; Frischknecht, 2010).

However, even if in general allocation procedures represent a critical point (Ardente and
Cellura, 2012), this distinction is not deeply investigated in ISO 14040 and ISO 14044. Any-
way, it is possible to appeal to ISO TR 14049 where some examples are described and some
considerations are added. Other considerations can be found in the ILCD (International
reference Life Cycle Data system) handbook. If the market value of the waste or end-of-life
product at its point of origin is above zero, in LCA perspective, it is a co-product and the
multifunctionality has to be solved by allocation. However, the case of recycling is insofar
different from the general case of multifunctionality, as the secondary good is not only a
co-function of the system, but is itself recycled again and again (while each time at lower
amounts and/or quality, considering losses of each loop) (EC-JRC, 2010).

3.1.3 Life cycle impact assessment

In this phase, the effects of the substances on the selected impact categories and the pro-
cesses that generated them are analyzed (Toniolo et al., 2017b). Inventory data are associated
with environmental impact categories and category indicators. The elements within this
phase are (ISO, 2006b):

– Classification. Classification assesses which global/local impact the input/output is
contributing to. There are input-relating categories and output-related categories. There
are several categories that are commonly used, such as climate change, ozone layer
depletion, eutrophication, acidification, particulate matter formation, and several impact
categories under development, such as acoustic impact.

– Characterization. Impacts are quantified within given categories with the general Eq. (3.1)
(Goedkoop et al., 2013):

EP jð Þi¼Q�EQ jð ÞI (3.1)

where EP( j)i is the environmental impact of substance i with reference to the impact cat-
egory j, Q is the quantity of substance I, and EQ( j)i is a factor representing the substance i
contribution to the impact j. Different substances contributing to an environmental impact
are aggregated considering their substance-specific effect. Scientific models are used, there-
fore characterization could be considered objective. Fig. 3.3 shows an example of character-
ized results of an LCA study.
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– Normalization. The aim of normalization is to clarify the relative importance of the
indicator results. Values are divided with reference to a standard value.

– Weighting. The categories results are assigned numerical factors in accordance with their
importance, then multiplied by these factors and finally aggregated in a single
impact score.

Classification and characterization are mandatory elements, whereas normalization and
weighting are discretionary (ISO, 2006a).

3.1.4 Life cycle interpretation

In this phase, the results of the LCI and LCIA are considered together with reference to the
objective of the study. The interpretation is comprised of several elements (ISO, 2006a,b):

– Identification of the significant issues based on the results of the LCI and LCIA phases.
The objective of this step is to analyze the results from the LCI or LCIA phases in order
to help determining the significant issues, in accordance with the goal and scope
definition.

– An evaluation that considers completeness, sensitivity, and consistency checks. During this
evaluation, the following techniques should be used: completeness check, sensitivity
check, consistency check. The results of uncertainty analysis and data quality analysis
should supplement these checks. The completeness check is performed to control that all
the needed data and information are available and complete; the sensitivity check is
performed to evaluate the reliability of the results; and the consistency check is conducted
to determine whether assumptions, methods, and data are coherent with the goal and
scope defined.

– Conclusions, limitations and recommendations.
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FIG. 3.3 Example of LCIA results.
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3.2 Life cycle costing methodology

The use of life cycle costing (LCC) was reported for the first time in a tractor delivery con-
tract in the 1930s in the United States (Ciroth et al., 2011); it was also used in the US Depart-
ment of Defense in the mid-1960s for the acquisition of high-cost military equipment (Gluch
and Baumann, 2004; Hoogmartens et al., 2014). Some attempts were made in the mid-1980s to
adapt LCC to building investments and several research projects have been developed to
adapt the LCCmethodology for the construction industry and for sustainable public procure-
ment, placing LCC in an environmental context (Gluch and Baumann, 2004). Therefore, we
can say that LCC is not a new concept (Heijungs et al., 2013).

The LCC technique is often used to examine the preferable alternative of products and ser-
vices from an economic point of view (Dragos and Neamtu, 2013), to ensure the ranking of
different investment alternatives, and the adoption of the best solution, moving beyond the
purchase price of a good or a service, and using a long-term approach for the decision-making
process (Woodward, 1997). It has also become an important economic tool for decision-
making, as it is used to evaluate the costs associated with an item in its whole life cycle, from
its design through its production, transport to its end of life, and it is often applied in com-
bination with LCA (Di Maria et al., 2018; Buyle et al., 2019).

For instance, Choi (2019) applied LCC and LCA in the case of maintenance and rehabili-
tation of highway pavement; whereas Xue et al. (2019) applied them for urban water system.
Several combined applications exist for the building sector; i.e., Auer et al. (2017) conducted a
case study on the performance of a modernized manufacturing system for glass containers.
Schmidt and Crawford (2017) developed a framework for the integrated optimization of the
life cycle greenhouse gas emissions and cost of building for buildings. Balasbaneh et al. (2018)
analyzed the choice of different hybrid timber structures for low medium cost single-story
residential buildings. Mah et al. (2018) studied the application of LCA and LCC for the man-
agement of concrete waste generated during the construction and demolition stages, and
Hong et al. (2019) for building design.

In addition, several authors combined LCC with LCA and multicriteria decision analysis
methods, amongwhichMiah et al. (2017) proposed a novel hybridized framework combining
integrated methods for LCA and LCC to provide decision-makers a comprehensive method
to investigate environmental and economic aspects. They used a hybrid method combining
the technique for order of preference by similarity to ideal solution (TOPSIS) and analytical
hierarchy process (AHP). Harkouss et al. (2018) applied a multiobjective optimization meth-
odology for net zero energy buildings usingmulticriteria decision making and LCC; whereas
Invidiata et al. (2018) proposed a method that combines adaptive thermal comfort, climate
change, LCA, LCC, and multicriteria decision making to identify the best design strategies
for improving buildings.

Kouloumpis andAzapagic (2018) presented a newmodel, which integrates LCA, LCC, and
Social LCA into a fuzzy inference framework; while Rocchi et al. (2018) conducted a sustain-
ability evaluation of retrofitting solutions for rural buildings through LCA and multicriteria
analysis.

The main difference between other traditional investment calculus methods and LCC is
that LCC has an expanded life cycle perspective. The life cycle cost of an item is the sum
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of all costs expended from its conception and production, through its operation, to the end of
its useful life (Woodward, 1997). LCC helps shifting from the best value for money to the best
value across the asset life cycle (Perera et al., 2009), and includes a comparison between
options or an estimation of future costs at portfolio, projects, or components over a defined
period of analysis (ISO, 2011). It allows evaluation of the cost of acquisition, development,
operation, management, repair, disposal, and decommissioning (Langdon, 2006; Reidy
et al., 2015).

Therefore, LCC can be used both by private and public organizations to optimize the cost
of acquiring, owning, and operating physical assets over their useful lives, trying to evaluat-
ing all the significant costs involved in the life cycle (Woodward, 1997). According to Wood-
ward (1997), the costs of an item can be comprised of engineering and development costs,
production and implementation costs, operating costs, and end of life costs. For instance, pro-
duction and implementation costs comprise the initial capital costs, namely purchase costs,
which include assessment of goods like land and buildings; they can be obtained through
quotations from suppliers. There are also acquisition/finance costs, which include the cost
effect of alternative sources of funds and regulations and installation/commissioning/
training costs, which include the installation of machines and the training of the workers.
An important concept is the life of the asset, which defines its life expectancy and decisive
factors considering functional life, physical life, technological life, economic life, and social
and legal life (Woodward, 1997). Associated with the concept of the life of an asset, there
is the concept of the discount rate. The selection of the discount rate is a fundamental phase
in LCC application. A high discount rate will tend to facilitate options with low capital cost,
short life, and high recurring cost; whereas a low discount rate will have the opposite effect.

A way to define the discount rate in LCC studies was proposed by Islam et al. (2015). They
calculated future costs, for instance for operation, maintenance, and demolition, using
Eq. (3.2); then they discounted them using Eq. (3.3). Because of future risk, the discount rate
exceeds the inflation rate.

FC¼PC � 1 + fð Þn (3.2)

where FC ¼ future cost, PC ¼present cost, f ¼ inflation rate, and n ¼number of years.

DPV¼ 1 + dð Þ (3.3)

where DPV ¼discounted present value, FC ¼ future cost, d ¼discount rate, and n ¼number
of years.

In the scientific literature, three possible types of LCC emerge, namely conventional LCC,
environmental LCC, and societal LCC (Hunkeler et al., 2008). The conventional LCC is the
assessment of all the costs associated with the life cycle of a product. The focus of the eval-
uation is on real, internal costs and sometimes the costs of the end of life are not included. The
environmental LCC is the evaluation of all the costs associated with the life cycle of a product
covered by the actors in the product life cycle, for instance suppliers, manufacturers, users or
consumers, and end of life actors. However, the environmental problems are simplified, since
it assumes that everything can be expressed as a one-dimensional unit, such as monetary
flows (Gluch and Baumann, 2004). The societal LCC includes all the costs that are associated
with the entire life cycle of a product. These costs are covered by anyone in the society, today,
or in the long-term future (Hunkeler et al., 2008).
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Contrary to LCA methodology, which is standardized by two ISO standards, LCC is not
structured by a specific international standard. The standard ISO 15686-5:2008 provides the
instructions and the guidelines for the application of this methodology in the building sector,
thus it cannot be applied to other contexts. However, some authors propose a methodology
comprised of 10 steps to conduct an LCC study. All the 10 phases are required; they can be
implemented in sequence, but also out of sequence, or sometimes simultaneously (Dhillon,
2010). The 10 steps are as follows (Dhillon, 2010):

1. Determine the purpose of the LCC analysis.
2. Define and scope the system/support system.
3. Select the appropriate estimating methodology/LCC model.
4. Gather data and make the appropriate inputs to the methodology/model.
5. Perform sanity checks of input and outputs.
6. Perform sensitivity analysis and risk assessment.
7. Formulate the results of the LCC analysis.
8. Document the LCC analysis.
9. Present the LCC analysis.

10. Update the LCC analysis/baseline.

The steps proposed by Greene and Shaw (1990) can be grouped in four phases, in line with
LCA methodology, as reported in Fig. 3.4.

3.2.1 Goal and scope definition

The identification of the purpose for conducting an LCC study is the first necessary step. In
some cases, the purpose may be obvious or predetermined, as in a source selection LCC anal-
ysis. Nevertheless, in other cases, when the purpose is not sufficiently clear, considerable ef-
forts can be made before understanding the direction of the study. In this phase, the required
issues to conduct the study are defined, including the criteria to be used for selection of al-
ternatives. The goal of an LCC analysis may be a comparative analysis of a new system versus
an existing system, or provisioning purposes (Greene and Shaw, 1990). The scope definition
includes the system units to be included in the study, the definition of the subject of the study,
the definition of assumptions, and the identification of limitations.

Usually, the system and subsystems are not completely defined until the final design, and
the scope need to be revised. In the beginning of the study, the systemdefinition and the scope
may be vague. If the system under analysis is replacing or is similar to an existing system, it is
important to include similarities and differences. This step is fundamental to ensuring a
credible LCC analysis (Greene and Shaw, 1990). The selection of an appropriate LCC model
depends on several factors, such as the type of system/support system/subsystem to be
analyzed, the system units included in the life cycle and the type of analysis to be conducted,
as defined in the first step.

The amount of data available to conduct an analysis is determined by the phase of devel-
opment of the product or process under analysis. Only limited data may be available during
the research and development phase, and so for instance parametric cost estimating models
can be appropriate. If the product is under production, or a process is operative, there may be
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enough information for an engineering bottoms-up estimation model. The model could refer
to the number of operating hours a system accumulates. Different models are appropriate for
each situation, for instance it is possible to use an operating hour driven model, or a periodic
inspection, or a periodic exercise driven model. For a system or subsystem trade study, it can
be appropriate to use a bottom-up rather than a top-down model. This means that a perfect
LCC methodology/model that fits all applications does not exist. In any case, the selected
model has to be documented properly, has to be verified and validated, and has to contain
all the elements that need to be covered (Greene and Shaw, 1990).

3.2.2 Inventory

Data collection is a significant, time-consuming phase. Data can be collected from different
sources, it is possible to collect data in the plant where the product is realized or the process
occurs, directly. However, sometimes, it is necessary to make use of data from technical re-
ports, from the scientific literature, or it can be necessary to do some estimations. The input
and output data have to be checked in terms of consistency, accuracy, validity, and complete-
ness to make sure that erroneous information is not present in the analysis or that required
information has not been neglected. This step is important in order to avoid misinformation
coming out of the analysis and to improve the credibility of the analysis.

3.2.3 Calculation of LCC results

After the collection of all the needed data, the implementation of the LCC model, and the
making of the sensitivity or risk assessment, the results of the LCC study can be calculated. If
there is the need to revise some methodological choices, it is possible to revise previous
phases, such as the purpose of the study, and adjust the study. In this step, it is necessary
to evaluate possible alternatives and identify the factors that significantly affect the LCC
study. During this step, the results of LCC analysis can be inflated or discounted.

3.2.4 Interpretation

The input parameters with significant risk and high potential for impacting cost need to be
varied over a reasonable range. It is possible to use the “best case,” the “worst case,” or some-
thing in between. LCC evaluations are estimations regarding the cost range, which can be
expressed in a statistical way, or through a model with a limited number of parameters.
The results of the LCC study have to be documented, along with the information to support
the analysis.

3.3 Social life cycle assessment methodology

Social life cycle assessment (S-LCA) is a novelmethodology to address the social impacts of
products and services along their life cycle. It is based on LCA methodology, with some
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adaptations, and was developed in accordance with the ISO 14040 and 14044 standards
(Ekener Petersen, 2015). It has been applied in different sectors, such as food, biofuels, mate-
rials, technology, and services (Vasta et al., 2015).

According to the definition given by UNEP/SETAC (2009), S-LCA is an assessment tech-
nique to evaluate the social and socio-economic aspects of products and their potential im-
pacts along their life cycle from extraction and processing of raw materials to final
disposal, passing through manufacturing, distribution, use, reuse, maintenance, and
recycling. This technique tries to assess the social impacts of a product or service where social
impacts are mainly understood as the impacts on human capital, human well-being, cultural
heritage, and social behavior (Sala et al., 2015). These impacts can be associated with the be-
haviors of enterprises or with their processes and can be positive or negative. They are con-
sequences of social interactions raised during an activity, such as production, consumption,
or disposal (UNEP/SETAC, 2009). The basic idea is that social impacts could be embodied in
products and related to supply chains (Sala et al., 2015). S-LCA can be a profitable tool to give
answers to the following questions: what is the social value of products? How to define it, and
to quantify it? (Russo Garrido et al., 2018).

S-LCA can be applied on its own or in combination with LCA, using generic and
site-specific data (UNEP/SETAC, 2009). However, the level of methodological development,
application, and harmonization of S-LCA is still at a preliminary stage (Sala et al., 2015).
Contrary to other social assessment techniques, it takes into consideration the entire life cycle
of a product or a service and helps in evaluating the social impacts that directly affect stake-
holders. The stakeholders considered are clustered in five categories based on shared inter-
ests, namely workers/employees, local community, society, consumers, and value chain
actors. Each category of stakeholders is associated with specific subcategories, for instance
workers/employees are linked to the subcategories “freedom of association,” “child
labor,” “fair salary,” “working hours,” “forced labor,” “discrimination,” “health and
safety,” and “social benefits.” Consumers are linked to the subcategories “health and
safety,” “feedback mechanism,” “consumer privacy,” “transparency,” and “end of life
responsibility” (UNEP/SETAC, 2009).

In general, there are two methodological approaches to conduct S-LCA, called
“performance reference point” methods and “impact pathways” methods. Performance ref-
erence point methods take into consideration living and working conditions of workers at
different life cycle phases; whereas impact pathways methods evaluate the social impacts
using characterization models with indicators similar to LCA (Sala et al., 2015). Different
S-LCA methodologies have been proposed in several case studies and discussions are still
open in the research community regarding the role of local stakeholders and the need of a
common social theory as base to develop S-LCA (Ekener Petersen, 2015). It is still under de-
bate whether qualitative or quantitative assessment methods are more suitable for S-LCA;
indeed, a certain level of subjectivity cannot be avoided (Sala et al., 2015) and social issues
are influenced by the subjectivity of researchers and the social context (Soltanpour et al.,
2018). Despite this, S-LCA should be used to support decision making by different actors,
identifying how to reduce the social hotspots along the supply chain (Sala et al., 2015),
and can support the organizations within decision-making processes by optimizing the ef-
forts and resources in order to achieve social sustainability (D’Eusanio et al., 2018). Currently,
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S-LCA is used as a business-oriented methodology, where the social assessment is based on
the behavior of the organizations that are involved in the processes under study
(Arzoumanidis et al., 2018).

Kolotzek et al. (2018) developed a model combining LCA and S-LCA for the assessment of
raw material supply risks and used the analytic hierarchy process to weight the indicators.
Santos et al. (2017) performed an S-LCA of school buildings for higher education, focusing
on the criteria of health and comfort. They used analytic hierarchic process to obtain the
weighting scheme to rate social performance. Chandrakumar et al. (2017) elaborated a
multicriteria decision support system based on an S-LCA framework for evaluating three san-
itation system designs. They applied the analytic hierarchy process to solve their proposed
model. Halog and Manik (2011) proposed a framework adopting LCA, LCC, S-LCA, and
stakeholders analysis supported by multicriteria decision techniques for the assessment of
the development of biofuel supply chain networks.

Currently, new guidelines are under development for the application of S-LCA, they will
consider and incorporate methodological advancements and recent practical experiences.
They will also deal with harmonization of S-LCA methods, specification of application of
S-LCA for organizations, and scale up of scientific debate (Benoit Norris et al., 2018). The fol-
lowing phases are usually conducted to develop an S-LCA according to the current guidelines
(UNEP/SETAC, 2009).

3.3.1 Definition of goal and scope

The first phase of an S-LCA study is the definition of the goal and scope of the study.
A clear statement of purpose, namely the goal of the study and the intended use, is needed.
Based on the goal, a critical review may be planned. It is important to take into consideration
that the ultimate objective is improving of social conditions and of the socio-economic per-
formance of a product throughout its life cycle for all of its stakeholders (UNEP/SETAC,
2009). Successively, the scope has to be defined; the function of the product under study,
its utility, and the functional unit, defined in time and space need to be determined. To define
the functional unity, the following properties need to be considered: functionality, technical
quality, additional services, aesthetics, image, costs related to purchase, use, and disposal
(UNEP/SETAC, 2009). The definition of the functional unit is a key issue; indeed, in some
cases, it is difficult to conceptualize it (Sala et al., 2015), and even if it is required, it does
not seem to be a common practice to define it (Arzoumanidis et al., 2018). In addition, the
following actions need to be conducted (UNEP/SETAC, 2009):

– Determine the unit processes to be included in the assessment, namely the system
boundaries.

– Organize data collection; identify which data will be collected, for instance generic or
specific data.

– Specify impact categories and subcategories.
– Define the stakeholders involved and the type of critical review, if needed.
– Define the types of impact to be evaluated and the related indicators and methods.
– Define allocation procedures.
– Plan the interpretation and identify assumptions, limitations, analyze data quality.
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3.3.2 Social life cycle inventory analysis

The life cycle inventory phase can be conducted performing the following actions:
collecting data on unit processes and redefining the selected system boundaries if needed.
Data to be collected may be primary or secondary data and data for characterization. Primary
data sources can be audits of enterprise documentation and documentation of authorities,
making use of participative methodologies, interviews, focus groups, questionnaires, and
surveys (UNEP/SETAC, 2009; Arcese et al., 2013; Trevisani Juchen et al., 2018). Secondary
data sources can be scientific literature, web search, and databases. Collected data and func-
tional unit have to be related and aggregated when applicable (UNEP/SETAC, 2009). Col-
lected data should meet a list of quality criteria, such as validity—data have to provide
information on what is intended to be measured; relevance; completeness—data have to
cover the needs of the study; and accessibility—data collection has to be well documented.
Then, uncertainty analyses should be performed and the measurement methods to generate
the data have to be analyzed in order to define if they are appropriate (UNEP/SETAC, 2009).

3.3.3 Social life cycle impact assessment

This is the third phase of an S-LCA. Its purpose is to aggregate inventory data within cat-
egories and subcategories and tomake use of additional information to help in understanding
the significance of the collected information (UNEP/SETAC, 2009). This phase can be
conducted through some actions: selection of the impact categories, subcategories, and char-
acterization models, classification, namely associating inventory data with categories and
subcategories, and characterization, namely calculating the impacts for the subcategories
indicators (UNEP/SETAC, 2009). Unlike in LCA, where impacts are mostly negative, social
impacts can also be positive (Sala et al., 2015). Indicators for S-LCA can be quantitative or
qualitative depending on the goal of the study (UNEP/SETAC, 2009). Contrary to LCA,
where impacts are calculated through amultiplication between the inventory data and a char-
acterization factor recognized by international scientific community, S-LCA can express the
impacts through a scoring system, providing as estimation of the impact (UNEP/
SETAC, 2009).

3.3.4 Social life cycle interpretation

During this phase, the significant issues are identified and consideration about complete-
ness and consistency of the study are drawn. Finally, the level of engagement with stake-
holders is evaluated; conclusions and recommendations are reported (UNEP/SETAC, 2009).
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4.1 Introduction

Considering the established concept of “Sustainability”, as proposed by the Brundtland
report (United Nations General Assembly, 1987), and the three pillars model developed by
Elkinton (1998), several aspects are to be accounted in the evaluation of products and pro-
cesses. In fact, as “Sustainable development is development that meets the needs of present
without compromising the ability of future generations to meet their own needs” (United
Nations General Assembly, 1987), such evaluation should be performed over a system the
boundaries of which comprise all the element required to avoid the shifting of burdens
among generations, over both time and space.

The implicit call for fairness at intergenerational (Kl€oepffer, 2008) and intragenerational
level requires an extension of a proper sustainability assessment to scope horizontal and lon-
gitudinal dimension of impacts triggered by anthropic activity. Therefore, the whole range of
impacts and effects induced must be assessed, based on the different aspects touched on and
the timing in which these effects unravel. For these reasons, on one hand, “intact environ-
ment, social justice, and economic prosperity” (Finkbeiner et al., 2010: 3310) should represent
the final goal of each application and the yardstick of the assessment, in order to address the
horizontal dimension. On the other hand, the application of a life cycle thinking lens is
required to explore the longitudinal dimension of the impacts and consider both the direct
and indirect impacts triggered throughout the different phases of the product or process life
and the time-scale of the impacts, considering the relationship between present needs and
future opportunities. The proposed EU Integrated Product Policy stressed how life cycle per-
spective is intrinsically inherent to the greening of the product development process (Charter,
2001), but its systematic application is required to trigger the transition required at global
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market level and, consequently, it must be necessarily verified through a quantitative
approach.

As reported by Guin�ee et al. (2011), the attention towards the environmental component of
the impacts developed by the manufacturing, use, and disposal of goods stepped into diffuse
awareness far earlier than the other components. This aspect was, in fact, detailed in terms of
energy, resource use, efficiency, and pollution control (Assies, 1992) in the late 1960s and early
1970s, when the first rudimentary environmental assessments were realized. The very first
experience reported by Guin�ee et al. (2011), in particular, developed by theMidwest Research
Institute (MRI) for the Coca Cola Company (unpublished) in 1969, aimed at analyzing a set of
products through the application of a framework defined as “resource and environmental
profile analysis” (REPA), with a life cycle approach. Resource efficiency in the production
chain and environmental issues represented themain scope of the assessment, evaluatedwith
a company-oriented lens, but setting a crucial turning point for the sector.

A comprehensive and solid theoretical framework for what would subsequently be
defined as “environmental life cycle assessment” (E-LCA) appeared only later, in the
1990s, with a remarkable contribution of both scholars and practitioners. In this sense, as
underlined by Guin�ee et al. (2011), on one hand, several journals kept the pace with the evo-
lution of the research conversation, e.g., Journal of Cleaner Production, Resources, Conserva-
tion, and Recycling, International Journal of LCA, Environmental Science & Technology, and
the Journal of Industrial Ecology; on the other hand, the Society of Environmental Toxicology
and Chemistry (SETAC) played a leading role in the definition of the LCA practice, stating its
quantitative nature and the strive towards the standardization that should have been
undertaken.

The first reported example of the extension of the scope of LCA to include not only the
environmental dimension, but the three pillars model (Elkinton, 1998; Remmen et al.,
2007), as suggested by Kl€oepffer (2008), is related to product line analysis (produktlinie-
nanalyse) by the Oeko-Institut in 1987, but it is only far later that a comprehensive conceptual
framework appeared. As highlighted by Zamagni (2012), the very concept of sustainability
has undergone amutation throughout the last 40 yearswithin the research field, experiencing
an extraordinary increase in interest, almost unparalleled by other topics.

The implementation of sustainability-oriented approaches in research, development, and
manufacturing of product, as well as process design and management, requires the applica-
tion of a systemic perspective in the decision-making. In particular, as stated by Finkbeiner
et al. (2010), the shift towards sustainability implies a new paradigm, based on an “active,
international, multicriteria, and stakeholder driven” approach (Finkbeiner et al., 2010:
3310), overcoming the old one, i.e., “reactive, national, single-issue and, government driven
environmental protection” (Finkbeiner et al., 2010: 3310).

For this reason, visualizing the ideal process of development of the LCSA concept, as pro-
posed by Finkbeiner et al. (2010), started from the application of the general idea of life cycle
thinking, with an increased awareness towards resource scarcity and environmental protec-
tion against negative effects triggered during manufacturing, use, and disposal of products;
this to be followed by the implementation of a single-issue impact assessment framework,
such as carbon footprint and water footprint, followed by integrated life cycle assessment
(LCA), mainly focused on environmental impacts. The preeminence attributed to the
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environmental component has been reasonably justified by the fragility and impossibility to
compensate large scale or long-term impacts (Kl€opffer 2003). Resource efficiency and
eco-efficiency assessment have, then, been developed, opening the era of more comprehen-
sive assessment.

The conceptual approach for Life Cycle SustainabilityAssessment (LCSA) has been, in fact,
summarized by Kl€opffer (2003, 2008) as an addition of environmental LCA (LCA), economic
LCA (life cycle costing (LCC)), and social LCA (SLCA), based on the very same inventory of
material and energy flows:

LCSA¼LCA+LCC+SLCA

In order to take a significant step towards the LCSA, overcoming the limits of LCA, the
Sixth Framework Program of the European Commission, in 2006, supported CALCAS, i.e.,
coordination action for innovation in life cycle analysis for sustainability (Kl€oepffer, 2008;
Guin�ee, et al., 2011). Given the complexity of the theme and the extent of the stakeholder au-
dience, a multidisciplinary lens has been applied on the subject, to provide the governance
system with a decision support tool.

In the following years, the body of knowledge has been increasing progressively, in both
research conversation and practice standardization. In order to explore the development of
LCSA, a literature review has been performed, based on Web of Science database (http://
apps.webofknowledge.com; Accessed March 1, 2019). A total amount of 230 papers resulted
from the search based on titles of papers published between 1997 and the first quarter of 2019.
A brief descriptive analysis of the body of papers identified is reported in the following.

The median of publications per year is six, and this was reached in 2010 (Fig. 4.1). Of the
total papers, 89% have been published from 2011 on, thus highlighting how the research field
has been developing in the last decade, with peaks in 2016 and 2018, and a remarkable in-
creasing trend in 2019, when nine papers had been already published in the first quarter
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of the year. The mounting attention dedicated to the topic by the research community is tes-
tified by the remarkable number of journals proposing related papers. This element is also
marked by the distribution of the publications among them (Fig. 4.2).

A total of 109 different journals and conference proceedings have so far accomplished the
publication of at least one paper on LCSA. Considering the overall publication frequency, the
first seven journals, in terms of frequency of publications, have taken care of the publication of
about 50% of the total body of papers available.

As presented in the following chart (Fig. 4.3), the Journal of Cleaner Production and Inter-
national Journal of Life Cycle Assessment developed the main research conversation, with
15% and 14% of the papers published in the field, respectively. While the former has actively
contributed in the last years in particular, e.g., with three of nine overall publications in 2019,
the latter seems to have moved forward in the research conversation and its contribution was
mainly exploited in 2013 (10 papers). The following years have been characterized by an al-
most constant, yet limited, number of papers.

The present chapter aims to accompany the reader in the ongoing journey towards a com-
prehensive and standardized Life Cycle Sustainability Assessment. As a starting point, a brief
excursus on the rudimentary experiences published in the field will be offered, together with
the progressive refinement of LCSA framework definition, to proceed, then, with an overview
of the standardization pathway. With the growing pool of applications and the increasing
consistency of literature, a concise anthology of case studies has been collected. As a final
note, an overlook of prompts for future development is sharedwith the reader, offering a per-
spective over opportunities and space for valuable contribution to the field of research.
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4.2 Early years: From concept to scheme

Almost in parallel with the first practical application of (environmental) LCA, the late
1990s experienced the preliminary drafting of LCSA concept and its possible application
in a comprehensive sustainability framework. As LCA had been defined in 1993 by SETAC
as “a process to evaluate the environmental burdens associated with a product or process by
identifying and quantifying energy and materials used and wastes release to the
environment” (SETAC, 1993), researchers supported a progressive enlargement of the assess-
ment boundaries towards LCSA, starting from the very same sectors where LCA had made
the first steps. In fact, an early hint to the pathway towards the conceptualization of sustain-
ability assessment applied in a life cycle perspective was presented by Selmes et al. (1997), as
cited by Boron et al. (2017), to the 75th anniversary celebrations of the Institution of Chemical
Engineers. The same work (Kl€opffer, 2003) responsible for the first theorization of LCSA
framework, as presented in the previous section, emphasized the role of chemistry inmeeting
the goals of sustainable development. Therefore, its preeminence as testing ground for the
LCSA application is regarded as an opportunity for operationalizing sustainability in a field
where both processes and products are carriers of potential hazard for the environment and
products are widespread in the different industrial sectors as well as on the market.

As a first step, the integration of the economic aspects into sustainability evaluation
appeared quite early (Eyerer, 1996; Finkbeiner, 2010). This is obviously due to the close con-
nection of such concepts to the overall performance evaluation of a product or process and the
business model related. On the other hand, the social dimension of sustainability has only
recently been implemented into an operative LCSA scheme, even though its formal inclusion

Papers published over the years

10
8
6
4
2
0

Journal of  Cleaner Production

International Journal of  Life Cycle Assessment

2 per. Mov. Avg. (Journal of  Cleaner Production)

2 per. Mov. Avg. (International Journal of  Life Cycle Assessment)

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

FIG. 4.3 Paper published in the field by the two leading journals (Journal of Cleaner Production and International
journal of Life Cycle Assessment).

614.2 Early years: From concept to scheme



was outlined during the very early stage of development. In fact, as reported by Finkbeiner
et al. (2010), already in the last years of the 20th century, the triple bottom-line of sustainability
had been translated into several evaluation frameworks. In the early years, however, the
research community appeared unable to develop a common framework for the attribution
of a relative weighting among the three pillars of sustainability, namely environmental, eco-
nomic, and social aspects (Kl€opffer, 2003).

Following examples provided by Finkbeiner et al. (2010), the three perspectives embodied
into LCSA has been translated by into a ternary diagram, namely the life cycle sustainability
triangle (LCST). In analogy with the geological characterization of soil textures or chemical
mixtures, in fact, any triple-parameters scheme may be evaluated. In this case, as already
outlined by Hofstetter et al. (1999), the environmental impacts, environmental, economic,
and social impacts can be visualized, based on the relative weights attributed. The represen-
tation of a hypothetical weighting set is given in Fig. 4.4 (Finkbeiner et al., 2010). The same
scheme is suggested as a valuable tool for scenarios comparison. In particular, the evaluation
of the relative weighting is accomplished by following the dominance patterns along the axes,
starting from the three corners, where each of the performance areas of evaluation (i.e.,
environmental, economic, and social) are individually rated 100%. The general rule is, evi-
dently, that the sum of the weighting factors must be equal to 100%.

A second scheme proposed by Finkbeiner et al. (2010) is the life cycle sustainability dash-
board (LCSD), as outlined by Hardi and Semple (2000) and detailed by Traverso and
Finkbeiner (2009). Fig. 4.5 reports the visualization of the LCSD, as a composition of three dif-
ferent and free-standing evaluations, separately performed over the three relevant aspects of
sustainability.

In accordance with Kl€opffer (2003), the abovementioned scheme implies that the three pil-
lars of sustainability have to be assessed separately beforehand. Only in light of such results
can the comprehensive sustainability assessment be accomplished and, therefore, further

FIG. 4.4 Example of a weighting scheme for LCSA, as presented by Finkbeiner et al. (2010).
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systemic evaluations may be integrated. In particular, the modular approach allows the im-
plementation of political and geographical specificity into the assessment, given the place
specificity of sustainability-related issues and their possible longitudinal dynamics
(Coenen and Truffer, 2012).

The following years have been characterized by the advance of integrated and progres-
sively more complex assessment schemes, such as the one proposed by Halog and Manik
(2011) and reported in Fig. 4.6; in which several multilevel approaches are proposed to inte-
grate the traditional LCA-based scheme, such as multicriteria decision analysis (MCDA) or
multiobjective decision making (MODM) to incorporate stakeholders inputs and dynamic
interconnections, data envelopment analysis (DEA) for eco-efficiency evaluation, analytic hi-
erarchy process, and stakeholders/experts analysis for sustainability criteria definition.

4.3 Pathway to standardization: The role of LCI/SETAC/UNEP
in framework definition

As it is largely recognized in LCSA, as in several other topics, a standardization is neces-
sary in order to achieve a common andwidely shared description of the principles and frame-
work for formulating, conducting, and reporting LSCA approach and studies. The
importance of a standardization of the processes and the methodologies to develop study,

FIG. 4.5 LCSD graphical scheme (Finkbeiner et al., 2010).
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to apply universally certified measure units, and to account and assess impacts is clear. LCSA
can take advantage of consolidated experiences in previous similar tools and approaches.

4.3.1 Standard in life cycle perspective following LCA and LCCA

A life cycle assessment (LCA) study can be performed according to the internationally rec-
ognized guidelines, i.e., ILCDHandbook: General guide for Life Cycle Assessment—Detailed

FIG. 4.6 Integrated methodological framework for sustainability assessment, as presented in Halog and
Manik (2011).
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guidance (2010), and to specific standards, i.e., ISO 14040 and 14044. The boundary limits for
the LCA include all the life cycle phases, from natural resources supply, raw materials
processing, components manufacturing, to the end-of-life steps, passing through the mainte-
nance phases and use.

It must be emphasized that LCA has been conceived, developed, and standardized to
quantify the potential environmental impacts of goods and services and that it is essentially
based on a linear stationary model, founded on technological and environmental relation-
ships. Comparing results of different studies, for instance, is only possible if the assumptions
and context of each study are the same. Since its first definitions, the International Standard
IS0 14040 series provided principles and framework and methodological requirements for
conducting LCA studies (IS0 14040, 1997). Whereas, LCA is already a standardized method
(ISO 14044, 2006) and widely used to investigate the potential environmental impacts, LCSA
has to be actually implemented and developed following a common recognized asset of
regulation.

As is commonly acknowledged (Neugebauer, 2015), LCSA can be considered as the inte-
gration, or better, as resulting from the addition of the three dimensions of sustainability
perspectives, i.e., economic, environmental, social, and according with several authors it
can be presented as the following easy equation:

LCSA¼LCA+LCC+SLCA

According particularly with Kloepffer (2006), LCA can represent a useful starting point to
develop an integrated methodology, combining the three aspects. LCA has shown that quan-
tification is possible and this advantage should be preserved in adding the economic and
social aspects and to develop an integrated LCSA.

In this context, for a useful and effective LSCA standardization, the already existing LCA
standardization approach can be applied; particularly rooted in some important pillars, use-
fully synthesized in the main few following definitions.

4.3.1.1 Glossary

First of all, such as in several other contexts, it is important to speak the same language. The
glossary of terminology in LCA has been created to provide a common vocabulary for people
around the world to use when they talk about LCA data and databases. The glossary uses the
International Organization for Standardization (ISO) terminology, as far as it is available, and
provides additional explanation (LCI-UNEP, 2011). The same glossary has to be assumed and
improved also in LCSA.

4.3.1.2 Interfaces for data exchange

In order to communicate and share data, the database contents should be suitable for ex-
change via standard interfaces into other LCA software or systems. However, contents need
first to be harmonized to avoid misunderstanding, misinterpretations, and unintended
inconsistencies.

4.3.1.3 Basic methodological structure

As for any single assessment component (i.e., LCA, LCCA, SLCA), LCSA can also be car-
ried out in four steps in a processual and iterative manner, which are composed of: goal and
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scope definition, inventory analysis, impact assessment (involving the four steps: classifica-
tion, characterization, normalization, and analysis of data quality) and interpretation.

4.3.1.4 Functional unit and system boundaries

It is a very important point that different life-cycle basedmethods for sustainability assess-
ment (Kl€oepffer, 2008) have to have the consolidated approach in the functional unit defini-
tion and use consistent—ideally identical—system boundaries. The primary purpose of a
functional unit is to provide a reference to which the inputs and outputs are related, ensuring
the comparability of LCSA results and defining the quantification of the identified function of
the product/process/services. Also, in an LCSA, the inventory and impact indicators must be
related to a common product functional unit, which is the basis of all techniques described. As
with the S-LCA (UNEP/SETAC, 2011), it is recommended that the functional unit describes
both the technical utility of the product and the product’s social utility.

LCSA system boundaries must be defined according to the following definitions, which
are well known in any life cycle thinking and life cycle assessment study:

• from cradle to gate, which means to collect data and information from raw material
extraction to manufacturing and assembling of the product;

• from cradle to grave, from raw material extraction to their return to the environment as
waste or emissions;

• from gate to gate, considering only what is inside the fence of the company, excluding
supply and distribution;

• from gate to grave, which includes distribution phase, use, and end of life phases; and
• from cradle to cradle, which means to assume a circular economy perspective, thanks that

all outputs (such as emissions, water, and waste) produced at end of life return in input,
closing the loop.

It is recommended, whenever feasible, that a combined framework for impact assessment
based on the individual S-LCA, LCC and (environmental) LCA frameworks is used (UNEP/
SETAC, 2011).

4.3.1.5 Quali-quantitative inventory data

The assumption that primary data are the best option both from a qualitative and quanti-
tative point of view seems to be definitely true also for LCSA. At the same time, complete and
effective existing databases, such as Ecoinventa or the European ILCD (Life Cycle Database of
the International Life Cycle Data System) providing a common basis for consistent, robust,
and quality-assured data and studies, can contribute to the correct completion of all data-
collecting catalogs. Inventory analysis involves data collection and calculation procedures
to quantify relevant inputs and outputs of a product system. The process of conducting an
inventory is iterative. Data must respond to main properties such as precision, completeness,
temporal consistency, geographic and technological connection.

If for LCA and LCC a quantitative approach is perfectly recognized as possible and useful,
on the contrary, there is a wide debate about the opportunity to utilize quantitative inventory

aSee Ecoinvent (2003).
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data for social assessment, in SLCA, or to opt for qualitative data and indicators. To achieve
the most precise assessment and interpretation, a combination of quantitative and qualitative
data, indicators, and analysis can be considered at this moment as the best option
(Grießhammer et al., 2006). Maybe, quantitative data and indicators are not able to include
and afford all social impact effects. At the same time, qualitative results can be turned into
semiquantitative outcomes, as suggested by Grießhammer et al. (2005).

4.3.1.6 Impact categories

For LCSA, they should be chosen in accordance with internationally recognized categori-
zations/standards. For an LCSA study, it is recommended that all impact categories that are
relevant across the life cycle of a product are selected. These should follow the perspectives
provided by each of the three techniques and consider the stakeholder views when defining
the impact categories. Furthermore, by considering all relevant impact categories from a
cross-media, multidimensional (social, economic, and environmental), intergenerational,
and geographic perspective, potential trade-offs can be identified and assessed (UNEP/
SETAC, 2011).

For the LCA impact assessment, an evolution of several methods during the time can be
considered as an abundant basin where it is possible find several calculation methods.
Starting from Eco-indicator99,b performed by the Ministry of Housing, Spatial Planning,
and the Environment, the Netherlands (1999), and updated in Recipe in 2009, across EDIP
(Denmark, 2003), updated in Impact World+ (2016) and ILCD (2012), and ultimately leading
to the EU LC-Impact (2016).

During the last years, also for LCC, several models have been developed for the determi-
nation of the economic impact of a product, concerning its whole life cycle (Durairaj et al.,
2002). In particular, SETAC specified an LCC methodology (Hunkeler et al., 2008) providing
an assessment of the costs of a product across its entire life cycle and published guidelines
describing the method and a code of practice (Swarr et al., 2011). LCC aims at enabling
options to be more effectively evaluated considering the impact of all costs, assisting in
the effective management of processes, and facilitating choice between different alternatives.
In terms of LCC impact categories, aggregated cost data provides a direct measure of impacts.

For an S-LCA, from a social perspective, following the UN declaration on economic, social,
and cultural rights, the potentially most affected stakeholder groups identified are mainly
workers and local community groups. According to the definition of subcategories of the
S-LCA guidelines (UNEP/SETAC, 2009), “they aim to assess whether practices concerning
wages are in compliancewith established standards and if thewage provided ismeeting legal
requirements, whether it is above, meeting, or below industry average, and whether it can be
considered as a living wage.” For SLCA, the indicators of human rights, safety, cultural her-
itage, working conditions, have to be considered, andmainly health and education, according
with SDGs UN Agenda 2030 (UN, 2015) where the goal n. 3 and 4—respectively Health and
Education—represent tremendously meaningful hotspots.

In that way, an LCSA can also be carried on at subcategory level for each stakeholder group
and not at the level ofmidpoint or impact categories. In terms of social impacts on stakeholder

bEco Indicator 99 – Reports, Ministry of Housing, Spatial Planning and the Environment.
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category “society,” several subcategories, such as contribution to national economy and na-
tional budget, or employment creation, risks, impact, or conflicts, were also described
(Tsurukawa et al., 2011) (Figs. 4.7 and 4.8).

4.3.1.7 Indicators

According to Neugebauer et al. (2015), an indicator can be defined as “something
representing the state of a certain aspect or effect used to measure a progress towards a stated
goal and it can function as variables, parameters, measures, measurement endpoints or
thresholds.” However, indicators have been specially defined as a tool to measure a causal
effect. For LCSA inventory, as well as for LCA, midpoint and endpoint indicators can be dis-
tinguished, describing each step along the cause–effect chain.

FIG. 4.7 Calculation Method evolution in LCA. Courtesy of Rosenbaum, R.K., 2014. Selection of impact categories, cat-

egory indicators and characterization models. In: Curran, M.A. (Ed.), Goal and Scope Definition in Life Cycle Assessment, LCA.

FIG. 4.8 Examples of a social life cycle inventory (S-LCI) and interrelationships to subcategories and impact cat-
egories. Courtesy of UNEP/SETAC, 2011. Towards a Life Cycle Sustainability Assessment: Making Informed Choices on Prod-
ucts, UNEP/SETAC Life Cycle Initiative.
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In several studies, indicators for environmental impacts are generally more easily measur-
able and they have been intensively studied and analyzed in the past. According toMaranghi
et al. (2016), many indicators have been largely applied in several different studies, mainly
thanks to the great standardization work done over the years; at the same time, it is necessary
to recognize which indicator can be more significant and crucial for each specific assessment.

4.3.1.8 Interpretation and evaluation of results

The interpretation of results in SLCA, such as in standardized LCA methodology, has to
verify completeness and full overlay of all impacts, consistency and sensitivity, relevance of
information, and engagement of stakeholders Evaluation can use a wide range of quantita-
tive, semiquantitative, or totally qualitative methods, standardized or specifically performed
for a certain product. The actual evaluation of social aspects has to be devoted to finding so-
lutions to put in action.

It is therefore a firm belief that the evaluation of circularity and of whole life cycle thinking
strategies should be performed not only from an environmental life cycle perspective, but also
including social and economic considerations (Princigallo et al., 2016). To support the
decision-making process, environmental life cycle indicator scores and economic criteria
can be combined with social assessment together with a multicriteria decision analysis meth-
odology, which allows the weighting of the different scores.

For the LCSA framework improvements, Neugebauer et al. (2015) suggested a new ap-
proach, named “tiered approach,” to implement LCSA considering an indicator hierarchy
and implementing evaluation phase thanks to a whole assessment. For an effective practical
implementation of LCSA, the authors defined three levels of analysis, starting with meaning-
ful indicators on level 1 (defined as “sustainability footprint”), then adding additional indi-
cators, such as best practices at a second level, and concluding with a complete set of
indicators for a whole sustainable performance comprehensive assessment at the third level.
All indicators have to be performed for each level, taking into consideration the main prop-
erties they must have, i.e., relevance, robustness of the method, and feasibility (Fig. 4.9).

4.3.2 The life cycle initiative as a tool for LCSA application

The UN Environment Life Cycle Initiativec is a public-private, multistakeholder partner-
ship enabling the global use of credible life cycle knowledge by private and public decision
makers. It has existed for more than 15years, since being launched by UN Environment and
the Society of Environmental Toxicology and Chemistry (SETAC) in 2002. It is life cycle ap-
proach oriented, supporting decisions and policies makers towards the “shared vision of sus-
tainability as a public good” by engaging its multistakeholder partnership (governments,
businesses, and scientific and civil society organizations). Life Cycle Initiative is also promot-
ing an “Integration of social aspects into LCA.” The system of methods used in LCAwas car-
ried out and verified by UNEP-SETAC, in order to understand whether and how the social
aspects can be considered together with the environmental ones or combined and connected
to develop a social LCA in order to achieve a complete LCSA.

chttps://www.lifecycleinitiative.org/about/about-lci/.
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A preeminent purpose of the Life Cycle Initiative is to encourage a life cycle thinking ap-
proach and knowhow also in the UN 2030 agenda actions in order to achieve sustainable de-
velopment global goals in a faster and more efficient way. Fig. 4.10 shows the Theory of
Change for the Life Cycle Initiative, linking its key deliverables with the expected impact
as defined by the initiative vision, which can be considered as a fundamental example for
LCSA methodology development.

The Life Cycle Initiative 2017–22 strategy document suggests technical advice to improve
the applicability of methodologies for specific applications, to orient scientific research and

FIG. 4.10 Theory of Change of the Life Cycle Initiative (Life Cycle Initiative 2017–22 Strategy document, UN).

FIG. 4.9 Structure for the Tiered approach (Neugebauer et al., 2015).
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practical implementation by some actions oriented to implement a national hotspots analysis
tool, working with certification schemes, and to develop data and methods on life cycle cost-
ing supporting sustainable public procurement. The initiative is also working on life cycle
capacity development, aiming at generating the necessary skills and capacity for the global
application of life cycle approaches and on a life cycle knowledge consensus and platform
definition to ensure science-based global consensus building and to promote an access to life
cycle knowledge as a public good.

4.3.3 Organization life cycle assessment (OLCA) promoting LCSA

Towards standardization over the long term, the development of a standard set of social
indicator life cycle thinking at the organizational level is relevant, meaningful, and feasible
using a similar framework to product LCA standards (OLCA). In the UNEP-LCI document
Towards a Life Cycle Sustainability Assessment, they highlight “the need to provide a method-
ological framework for LCSAs and the urgency of addressing increasingly complex systems
are acknowledged globally.” In addition, a particularly interesting perspective is in terms of
“organizational LCA,” proposed by LCI-UNEP as well (UNEP, 2015).

Some guidelines and standards can contribute to achieve a useful standardization also in
LCSA. For instance, the “Organisation Environmental Footprint (OEF) Guide” (European
Commission, 2013), ISO/TR 14069 or the “Corporate Value Chain (Scope 3) Accounting
and Reporting Standard” (WRI and WBCSD, 2011) can be usefully applied, not only for an
OLCA, but also as standardization supporting LCSA.

In this context, once again, the principles of a holistic perspective and whole life cycle are
applied, considering all life cycle stages for organization, the complete supply or value chains,
from raw material and resources supply, through energy, material production, and
manufacturing, to use and end-of-life treatment, and final disposal. Potential trade-offs
can be considered and identified, taking into account all environmental, economic and social
issues according with an LCSA, with a cross-media and multidimensional perspective. As
already suggested from a general point of view, also in the case of OLCA, to support
decision-making and management process, environmental life cycle indicator scores, eco-
nomic and social criteria can be assessed thanks to a multicriteria decision analysis method-
ology, effectively supporting scores’ weighting phase.

Organizational life cycle assessment (O-LCA) has significant potential to help corpora-
tions, authorities, institutions, and other organizations improve their environmental perfor-
mance by providing the necessary, credible information for decision-making. Considerable
efforts are underway to build global knowledge and capacity for understanding, developing,
and promotingmore sustainable products and services. One key effort is to increase the avail-
ability of foundational data on energy, materials, land, and water consumption, and on
related emissions into water, air, and soil, so that we have comprehensive information onma-
terials and products over their life cycle. This comprehensive information is obtained by the
use of LCSA. As the technical basis for the practice of LCSA becomes more standardized and
as more decisions are supported by this methodology, the demand for high quality
documented, transparent, and independently reviewed data has increased tremendously
(UNEP, 2014).

714.3 Pathway to standardization: The role of LCI/SETAC/UNEP in framework definition



In 2013, the European Commission launched the draft of its OEF Guide, (European Com-
mission, 2013) and 1 year later, ISO/TS 14072 (ISO, 2014) had been developed by the Inter-
national Organization for Standardization. According to Finkbeiner and K€onig (2013),
most of the ISO 14044 (2006b) requirements (27 out of 31) can be usefully transferred from
products to organizations. UNEP/SETAC Life Cycle Initiative started the project about
O-LCA of definition exploring how to concern organizations in a wide LCA approach,
representing an important milestone also in an LCSA development (UNEP, 2015).

4.3.4 Eco-efficiency and environmental product declaration (EPD) as a
standardization tool for companies

Eco-efficiency analysis, conceived by theWorld Business Council for Sustainable Develop-
ment (WBCSD, 2011), can be defined as “amanagement philosophy that encourages business
to search for environmental improvements that yield parallel economic benefits.” It is based
on an actual and effective approach, supporting organizations to incorporate environmental
and social issues into their procedures, actions, and policies.

Eco-efficiency can be considered as a tool for quantifying the relationship between eco-
nomic value creation, social aspects, and environmental impacts, throughout the entire life
cycle of a product. Thanks to this definition, it the robust relationship and similarity with
LCSA seems to be clear. In that way, LCSA standardization can take advantage of the con-
solidated and well-known eco-efficiency methodology and standardization. ISO 14045
(2012) defined a standard for product systems describing principles, requirements and guide-
lines for eco-efficiency assessment. The Environmental Product Declaration (EPD) can be con-
sidered, in a certainly way, a sort of specific application of LCA. While the overall goal of an
EPD is to provide information about the environmental impacts of products, at the same time
it can be considered as a standardization tool to quantify the total impacts of a product or a
system (Del Borghi, 2013).

Specific standards are available for environmental labels and declarations based on a
whole life cycle approach. The International Standards Organization (ISO) classified existing
environmental labels into three typologies—types I, II, and III—and specified the preferential
principles and procedures for each one of them (ISO 14021, ISO 14024, and ISO 14025). An
Environmental Product Declaration (EPD), also referred to as type III environmental decla-
ration, is a standardized (ISO 14025, 2010) and LCA-based tool to communicate the environ-
mental performance of a product (Grahl and Schmincke, 2007). There are a number of
requirements for how the LCA should be performed to be used as basis for an EPD. That ap-
proach can be usefully extended considering an LCSA, adding cost and social assessment to
environmental impact evaluation.

The EPDmethodology can represent a guideline, concerning specific definition in terms of
production modeling, kind of data, and data collection methods, indicators. With the aim to
reach outcomes comparability between products, all requirements should be correctly de-
fined and referred to product category rules (ISO 14025), which are documents providing
guidelines for developing an EPD for a specific product category. In that way, EPD becomes
a useful tool also to communicate results and details on products’ performances.
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4.4 LCSA development in two decades of practice: A case study anthology

Life cycle sustainability assessment methodologies have been applied in various jurisdic-
tions. LCSA case studies application fall under two broad areas, namely, product develop-
ment or performance assessment (Gbededo et al., 2018). A compendium of LCSA case
studies are described in the following subsections. The summary of the LCSA case studies
is presented in Appendix A.

4.4.1 Demolition processes for end-of-life building

Bozhilova-Kisheva et al. (2012), applied LCSA to assess two different demolition processes
on a high-rise end-of-life (EoL) building (17 levels with 6525m2 gross floor area) in the Neth-
erlands. The scope of demolition was on the complete demolition of the building. The assess-
ment was performed on a functional unit of 1m2 gross floor area. In the demolition process,
three different demolition methods were used for different floors of the 17 level building (see
Table 4.1). But the top-down and high-reach methods were included in the LCSA because
they can replace each other.

While both methods produce recyclable material streams, the quality of the material
stream produced by high-reach method depends on the quality of dismantling. Top-down
method, however, produce quality waste material stream irrespective of the quality of
dismantling.

Due to lack of information for the ELCC and SLCA, the authors excluded background pro-
cesses from the inventory items. In the ELCA, the inventory included materials from demo-
lition (steel, red brick, concrete, and CDW mix), technical equipment, energy consumption,
andwaste treatment. The cost categories for the ELCCwere selected following UNEP-SETAC
Environmental Life Cycle Costing: A Code of Practice. The inventory items were costs for labor
and equipment, energy, waste disposal, sale of recyclable materials, and 12% overhead.
The SLCA indicators used in this study were selected from UNEP-SETAC guidelines
for SLCA products, based on expert advice from the demolishing company and the company
supervising the demolition operations. Company-specific data are irrelevant in SLCA
decision-making because the processes are performed by the same company. However,
process-specific indicators (hours of work created, and quantity of secondary resources
produced) may produce different values for decision-making.

TABLE 4.1 Demolition methods applied to EoL building.

Demolition method Area of building applied

Demolition method

assessed by LCSA

Top-down method Top seven floors Assessed by LCSA

High-reach method Middle five floors Assessed by LCSA

Short-reach method First two floors Not assessed
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For the same amount of materials demolished, the top-down method uses more technical
equipment (equipment: bobcat machine, wire crane, and 20t excavator; fuel: 4.12L/m2 GFA),
but less fuel consumption compared to the high-reachmethod (equipment: 30 t excavator and
65 t excavator; fuel: 4.63L/m2 GFA).

The costs for waste disposal and sale of recyclable materials were assumed to be the same
for both demolition methods because equal quantity and quality of materials are produced.
For both demolition methods, the highest cost was attributed to capital cost (hiring of tech-
nical equipment). The labor cost for top-downmethodwas three times higher than that for the
high-reach method; however, the energy costs were comparable. In terms of social perfor-
mance, the top-downmethod created 0.43h/m2 GFA of employment whereas the high-reach
method created 0.10h/m2 GFA. The authors were confronted with methodological chal-
lenges including:

• computation of SLCA inventory the function unit;
• identification of connection points between inventories; and
• lack of easy access to data for the costs and social indicators for background processes.

To assess the strength and weaknesses of the LCSA template used in this case study, the
authors concluded that the template should be applied to more complex and data intensive
processes. In addition, detailed ELCA involves more inventory items (than used in this
study), which would be practicable to assess using LCC and SLCA.

4.4.2 Reuse of waste electrical and electronic equipment components

In assessing the reusability of waste mobile phone components from waste electrical and
electronic equipment (WEEE) in China, Lu et al. (2014) used LCSA to compare reuse to other
end-of-life strategies (such as materials recovery and disposal). The functional units used by
the authors were 100 waste mobile phones produced around the year 2010. The life cycle
impact was measured using Eco-indicator 99 (EI99). The Eco-indicator 99 is an endpoint
approach (Dreyer et al., 2003), which assesses environmental impact on human health, eco-
systems, and natural resources (Lu et al., 2014)whilst integrating LCAuncertainties (Pushkar,
2013). In assessing the economic costs, Lu et al. (2014) considered only the costs incurred by
stakeholders in the end-of-life stages. The social impacts of both recycling strategies on direct
and indirect workers were determined following the Guidelines for Social Life Cycle Assessment
Products and using mid-point evaluation indicators such as employment, housing and edu-
cation. The results of their LCA and LCC assessment revealed that reuse is environmentally
and economically friendlier than materials recovery but the SLCA does not show clear social
benefit of reuse. In terms of new rawmaterials consumption, both strategies contributed pos-
itively to the environment. They found that the formal recycling sector creates less employ-
ment but offers higher wages and social guarantee as well as better health conditions than the
informal sector. Many factors (such as time range, physical situation, speed of technology
innovation, etc.) were identified to affect reusability of end-of-life WEEE, which should be
considered in practice. The authors are of the view that LCSA could be used by waste
recycling practitioners to select suitable and sustainable end-of-life strategies but recom-
mends improvement in the integration of LCA, LCC, and SLCA.
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4.4.3 Transportation fuels

LCSA methodology was assessed and tested on four different transportation fuels using
multicriteria decision analysis (MCDA) by Ekener et al. (2018). The transportation fuels were
petrol from Nigerian crude oil, petrol from Russian crude oil, ethanol from Brazilian sugar
cane, and ethanol from United States corn.

LCA was conducted separately from “well to tank” and “tank to wheel” (mixed fuel) to
ensure that environmental impacts from production to end-use of the product are considered
separately and subsequently combined and aggregated to obtain the final LCA results. The
SLCA datawere obtained from a previous study conducted by Ekener-Petersen et al. (2014) to
assess potential social impacts of various bio and fossil fuels. The data were supplemented by
the introduction of “job creation” as a positive social impact from literature. Fig. 4.11 illus-
trates the LCSA approach used by Ekener et al. (2018). LCCwas based on the direct cost borne
by the producer but excluded fees and taxes associated with the product. The data for LCC
were based on secondary data from Luo et al. (2009) (for petrol and sugarcane ethanol) and
Pimentel and Patzek (2005) (for corn ethanol).

The multiattribute value theory (MAVT), which has been used in LCA and environmental
management applications (Ferretti et al., 2014; Stefanopoulos et al., 2014; Apperl et al., 2015;
Rahimi andWeidner, 2004), was applied to combine the results of LCA, SLCA, and LCC, and
construct a sustainability index for the different transportation fuels. The sustainability indi-
ces were prioritized for three different stakeholder profiles (egalitarian, hierarchist, and in-
dividualist) used in other studies (Bachmann, 2013; Hacatoglu et al., 2015; De Schryver
et al., 2013). Different stakeholder profiles prioritize the sustainability perspectives differ-
ently. The corresponding priority (in descending order of priority in brackets) of the different

FIG. 4.11 Approach for LCSA of transportation fuels (Ekener et al., 2018).
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stakeholder profiles are: egalitarian (social, environmental, economic), hierarchist (environ-
mental, economic, social) and individualist (economic, environmental, social).

The LCA results show that the total environmental impact (from lower to higher impact) of
the transportation fuels considering “well-to-tank” are in the order, ethanol-sugarcane< pet-
rol < ethanol-corn. The reason for the high environmental impact of biofuel from corn is at-
tributed to the large land requirement and the perceived consumption of fossil fuel in the
production chain in the United States. But when considering “tank-to-wheel,” the biofuels
had lower environmental impacts compared to fossil fuels. The petrol from Nigerian oil
and biofuel from Brazilian sugarcane showedmore severe negative social impacts than petrol
from Russian oil and biofuel from US corn. The positive social impacts were in the order: fos-
sil fuels (lower positive impacts), biofuels from US corn (medium positive impacts), and
biofuels from Brazilian sugarcane (high positive impacts). The total LCC was highest
(0.0203 €/MJ) for ethanol from US corn but lowest (0.0111 €/MJ) for ethanol from Brazilian
sugarcane. The total LCC for the petrol fell in between the biofuels (0.0132 €/MJ for Nigeria
and 0.0126 €/MJ for Russia). The results were confirmed by the values of performance levels
of the different transportation fuels for the different sustainability dimensions, as presented
in Table 4.2.

The results of the relative sustainability ranking of the transportation fuels differed among
the different stakeholder profiles (Fig. 4.11). This implies that different stakeholders will have
different transportation fuel preferences. According to the authors, the dataset in the
Ecoinvent database used for their study are about two decades old (2000–18) casting doubt
on the current applicability of the sustainability performance results for the transportation
fuels assessed.

4.4.4 Reinforced concrete buildings in seismic regions

Gencturk et al. (2016) developed an LCSA framework and used it to assess the impact of
earthquake actions on lifetime structural performance of reinforced concrete buildings. The
case study was applied to a reinforced concrete building (four-story three-bay RC moment
resisting frame) located in San Francisco, California. The system boundary for the assessment
covered the structural components of the entire building and the functional unitwas from cra-
dle to gravebut excludedoperation,maintenance, andnonseismic repair notdirectly related to

TABLE 4.2 Performance levels for different transportation fuels (Ekener et al., 2018).

Fuel

LCA SLCA

LCCEcovalue EPS

Negative impacts

Jobs createdSHDB SDG

Petrol-Nigerian oil 0.693 0.558 0.152 0.113 0 0.652

Petrol-Russian oil 0.478 0.225 0 0 0 0.859

Ethanol-Brazilian sugarcane 1 1 0.728 0.699 1 1

Ethanol-US corn 0 0 1 1 0.333 0

EPS, Environmental Priority Strategies; SDG, Sustainable Development Goal; SHDB, Social Hotspot Database.
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structural performance. In their framework, environmental impact was measured based on
environmental emissions and waste generation. Similarly, a number of indicators were used
to assess the economic impacts from both direct costs (materials, construction, operation, and
end-of-life), indirect costs (downtime, loss/interruption of business, job loss, price increase,
and supply disruption), and negative social impacts (deaths, injuries, stress, displacement,
etc.). The proposed LCSA framework used by the authors is presented in Fig. 4.12.

The performance-based earthquake engineering (PBEE) methodology developed by
Pacific Earthquake Engineering Research (PEER) Centerwas adopted to related seismic struc-
tural damage to losses. Following the PBEE framework, the loss assessment step involved
LCCA, LCEIA, and LCSIA. Detailed explanation of the PEER PBEE framework has been
presented by many authors (Porter, 2003; Deierlein et al., 2003; Moehle and Deierlein,
2004; G€unay and Mosalam, 2013). The PBEE framework has extensively been used by many
researchers, for example, to assess the seismic risks of new and existing buildings (Yang,
2013), community seismic resilience (Burton et al., 2016), and structures in fire (Lange
et al., 2014).

The developed sustainability assessment framework was successfully applied to the
RC building with the following findings:

• The greatest economic and environmental impacts occurred at the construction stage and
material production stage, respectively. However, use and end-of-life phases contributed
less environmental and economic costs.

• A robust design could considerably reduce downtime and the number of collapse and
partial collapse cases as well as reducing the cost (10 times) and environmental impact
(2 times) of the use phase.

FIG. 4.12 Approach for LCSA of reinforced concrete buildings in seismic regions in San Francisco, California
(Gencturk et al., 2016).
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The authors conclude that amore resilient design can significantly reduce the environmen-
tal, economic, and social impacts in the use phase of the structure. Their proposed framework
could be used to compare alternative designs for informed decisionmaking. According to the
authors, their proposed framework, even though successfully applied to the case study, has
the following limitations:

• Anticipated differences in reliability of data sources due to the use of several databases.
• Several assumptions made in predicting the extent of damage corresponding to each

damage state.
• Exclusion of nonstructural components and contents of the buildings from the assessment.
• Aging-induced impact factors were not considered.

4.4.5 Dimethyl sulfoxide solvent recovery from hazardous wastewater

An ethylene-vinyl alcohol copolymer (EVOH) based adsorbent developed by S-Metalltech
98 Ltd., Szentendre, Hungary is used to remove arsenic (As(III) and As(V)) from water.
The process of manufacturing the EVOH produces hazardous wastewater containing 20wt
% dimethyl sulfoxide (DMSO). The current manufacturing process (linear, open technology)
involves incineration of the wastewater including the DMSO. To minimize environmental
impact, a closed technology, which involves the recovery of DMSO using distillation and
incineration of about 2% wastewater has been developed. Zajáros et al. (2018), applied LCSA
on a functional unit of 1 m3 adsorbent to compare the sustainability of two scenarios:

• 98% DMSO recovery (DMSO_R).
• 98% DMSO recovery and usage as renewable resources (DMSO_R+PV).

The LCA results for the two scenarios were compared with the original data for DMSO
from databases. Their assessment was based on ISO 14040 standard using SimaPro 7.2 demo,
GaBi 4 programs, and Ecoinvent database.

The results of the LCSA (Fig. 4.13), reveals that the DMSO_R+PV reduces environmental,
social, and economic impacts. Specifically:

• the recovery and reuse (50% renewable energy) reduces the amount of water usage in
manufacturing process and the resultant hazardous wastewater production by 27% and
98%, respectively; and

• recovery by distillation produces DMSO of at least 95% purity.

The authors noted that LCSA can be used to identify sustainability of future development.

4.4.6 Fly ash substitutions for cement in concrete structures

Wang et al. (2017) used an LCSAmodel to assess the sustainability of fly ash (FA) concrete
(C50) structures with FA substitutions (0%, 20%, 30%, 40%, and 50%) for cement. The case
study was applied on a 9�20m prestressed concrete simply supported girder bridge. The
system boundary and function unit were respectively “cradle to gate” and 1m3 FA concrete.
Life cycle impact data for concrete (such as cement and aggregates) were obtained from
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European Life Cycle Database (ELCD). The authors used energy for transportation and prep-
aration of concrete (petrol, oil, diesel, and electricity), data were derived from other studies
(Yang et al., 2002; Yang, 2003). Environmental impact assessment method used was Eco-
indicator 99 (EI99). In addition to the sustainability dimensions, the authors usedMonte Carlo
simulation approach to calculate reliability of individual members in the structure whiles the
probabilistic network evaluation technique (PNET) was used to calculate the reliability of the
whole structure.

From their case study, the best addition of FA for social impact is 40%. From the environ-
mental dimension, the strength of concrete decreased with increasing amounts of FA. In
terms of economic impact, the optimal substitution of FA ranges from 20% to 40%. The reli-
ability of the upper, lower, and whole system fluctuated with FA substitutions, but the
highest initial reliabilities were obtained for 30% FA substitutes. The reliability index
(βT¼4.3449) for the whole structure without maintenance for 30% FA replacement
corresponded to a service life of a little over 50years. When all the three sustainability dimen-
sions were combined, 30% substitution of cement with FA significantly reduced environmen-
tal, economic, and social impacts (Fig. 4.14).

4.4.7 Electricity generation systems

LCSA has been applied to assess the sustainability of one or more electricity systems in
many countries such as United Kingdom, Greece, Portugal, and the United Kingdom.

4.4.7.1 Electricity generations options in the United Kingdom

Stamford and Azapagic (2012) assessed electricity generation options for the United King-
dom using LCSA from “cradle-to-grave.” The electricity options are coal (pulverized), gas

FIG. 4.13 LCSA of different technologies for recovery of DMSO (Zajáros et al., 2018).
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(CCGT), nuclear (pressurized water reactor), offshore wind, and photovoltaics. Forty-three
sustainability indicators developed by Stamford andAzapagic (2011) from direct stakeholder
(industry, government, academia, and NGOs) engagement and literature review were used.
Environmental impacts (LCA) were calculated using GaBi v4.4 software and Ecoinvent v2.2
database. All data were revised to reflect UK conditions.

They report from their assessment, coal (pulverized) power, even though second cheapest
option, had theworst environmental performance. CCGTwas found to be the cheapest option
but with the highest cost variability, high fossil fuel depletion, and lowest employment. Nu-
clear power performed better in eight environmental indicators but had the second lowest life
cycle employment, highest health impact from radiation, and highest number of fatalities in a
single incident. Wind, like nuclear power, was the best in terms of environmental impacts,
second highest in employment provision, increased energy security, but worse in freshwater
and terrestrial eco-toxicity as well as nonfossil resource depletion. Offshore PV performed
badly in terms of environmental and economic dimensions, but provides the highest
employment.

The authors, therefore, concluded that no single electricity option in United Kingdom is
most sustainable and that there is the need for trade-offs and compromises.

4.4.7.2 Grid-connected photovoltaic systems in Northeast England

Similarly, Li et al. (2018) proposed and applied a comprehensive LCSA model on three
types of grid-connected solar photovoltaic (monocrystalline silicon, s-Si; polycrystalline sili-
con, p-Si; and cadmium telluride, CdTe thin film) electricity generation cells in northeast
England. In this case study, a 4kWp residential roof-mounted grid-connected system is used
with functional unit of per unit of electricity produced. Both top-down and bottom-up
approaches were used to select 13 sustainability indicators through relevant stakeholder
engagement and literature review. GaBi professional v6.1 15 software and Ecoinvent 3.1 in-
tegrated database were used for assessment of environmental impacts. Table 4.3 shows the
sustainability rankings of the three solar PV systems.

FIG. 4.14 Sustainability scores for dif-
ferent substitutes of cement for FA in con-
crete (Wang et al., 2017).
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Polycrystalline silicon (p-Si) systems were found to be the most sustainable option
followed by monocrystalline silicon (s-Si) systems. Cadmium telluride (CdTe) thin film sys-
tems were the worst performing in all three sustainability dimensions.

4.4.7.3 Electricity generation systems in Greece

InGreece, Roinioti andKoroneos (2019) applied LCSAmethodology to assess and compare
the sustainability of seven electricity generation systems (conventional lignite-fired power
plants, combined-cycle gas turbine (CCGT) plants, large hydropower plants (reservoirs),
wind power stations, photovoltaics, small hydropower plants, and biomass/biogas power
plants). Natural gas and fossil fuel are both imported. CCGT is an indigenously produced
fuel. The analysis was performed on a functional unit of 1kWh of electricity. The system
boundaries were from “cradle to gate” because operability indicators were not analyzed.
The sustainability indicators used were six for LCA, three for LCC, and six for SLCA. LCA
was conducted for the year 2015 (due to completeness of available data) using Gemis version
4.9.5 software and its database. Background LCA data and technical parameters (e.g.,

TABLE 4.3 Sustainability ranking of solar PV systems in Northeast England (Li et al., 2018).

Sustainability dimensions Indicators

Type of solar photovoltaic systems

Silicon Thin film

s-Si p-Si CdTe

Techno-economic Availability factor 1 1 1

Capacity factor 2 1 3

Levelized cost 2 1 3

Payback period 2 1 3

Profitability 1 2 3

Subtotal 8 6 13

Environmental Circularity 1 1 2

Energy payback period 1 1 2

Global warming potential 1 1 2

Acidification potential 2 2 1

Eutrophication potential 1 1 2

Ozone layer depletion potential 1 1 2

Subtotal 7 7 11

Social Bill reduction rate 1 2 3

Employment provision 1 1 1

Subtotal 2 3 4

Grand total 17 16 28
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efficiency operation time, lifetime, and average plant capacity size) were adjusted to reflect
the country’s conditions. Data on the cost of electricity generationwas obtained from industry
studies and the rate of discount was assumed to be 10%. Integration of the sustainability pil-
lars to support the evaluation and selection of alternatives was performedwith multiattribute
value theory (MAVT) using the multicriteria decision support software, Web-HIPRE V1.22.
All the sustainability pillars were given equal weighting (0.33) because stakeholder prefer-
enceswere not considered. The electricity generation technologieswere ranked based on their
sustainability score. The technology with the highest score was considered more sustainable.
Similarly, different weightings (five timesmore important, 0.714) were assigned to each of the
sustainability pillars. The ranking of the technologies with different preferences is shown in
Table 4.4.

From the assessment, wind energy was found to be more sustainable followed by small
hydropower plants for equal weights and when priority was given to the environmental
and economic criteria. In terms of social aspects as preference, photovoltaics were more sus-
tainable followed by wind and small hydropower. Fossil fuel options (CCGT and lignite
plants) were the least preferred, even though CCGT ranked third when preference was given
to the economic aspects. The authors recommended an increase of the share of energy from
renewable sources (wind, hydropower, and photovoltaics) whilst reducing fossil fuel electric-
ity options (CCGT and lignite plants).

4.4.7.4 Electricity generation systems in Portugal

Similarly, LCSA methodology was used by Kabayo et al. (2019) to assess and compare six
main electricity generation systems (coal, natural gas, small hydro, large hydro, wind, and
ground mounted photovoltaic (PV)) operating in Portugal from 2012 to 2016. It was assumed
that all coal fuel was sourced from Columbia, while natural gas originated fromAlgeria (45%
via pipeline) and Nigeria (55% by shipping). The choice of 5-year (2012–16) period for assess-
mentwas to account for the variation in generation and related environmental, economic, and

TABLE 4.4 Ranking of electricity technologies with different preferences in
Greece (Roinioti and Koroneos, 2019).

Electricity

technology

Equal

weights

Priority given to:

Environmental

aspect

Economic

aspect

Social

aspect

Lignite 7 7 6 6

CCGT 6 6 3 7

Large hydro 3 3 5 5

Small hydro 2 2 2 3

Wind 1 1 1 2

PV 4 4 7 1

Biomass/biogas 5 5 4 4
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social impacts from year to year. The assessment was performed from “cradle-to-grave” for a
functional unit of 1MWh of electricity generated. Five environmental issues comprising of
11 indicators, and 4 socioeconomic issues comprising of 5 indicators were assessed. In
assessing the environmental impacts (LCA), the SimaPro 8.0 software was used. Background
data were obtained from Ecoinvent v3.0 database. They collected foreground data from
sources directly related to systems operating in Portugal as of 2016. It was assumed that
the system characteristics and conditions were constant throughout the plant lifetime. Envi-
ronmental impacts were assessed using ReCiPe impact assessment method implementing a
hierarchist (where priority is given to the environmental dimension) midpoint approach. For
toxicity-related indicators and freshwater scarcity footprint, Usetox 1.04 and AWARE
methods were used, respectively. The overall sustainability performance was obtained by
ranking each generation system based on un-weighted color gradient scale for each indicator.
The results of the overall sustainability performance are shown in Fig. 4.15.

Their study revealed that renewable systems were more sustainable than fossil fuel-based
systems. In particular, small hydro systems were found to be most sustainable whilst coal
systems were the least sustainable.

FIG. 4.15 Overall sustainability performance of different electricity generation systems in Portugal (Kabayo
et al., 2019).
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4.5 Outlook: Perspective and opportunities

As sustainability is widely recognized as the real challenge of our generation and life cycle
thinking, in this sense, as the proper theoretical framework for sustainability application, its
assessment must be regarded as a strategic decision-support element for planning at indus-
trial, operational, and policy level (Ramos, 2019). For this reason, the identification of the fore-
front of both theory development and practical implications could represent the first step
towards the LCSA of tomorrow,which, as underlined by Pope et al. (2014), shouldmove from
the ex post assessment framework to a preeminent role into ex ante toolbox for eco-design of
products, processes, and systems.

Several challenges have been identified in literature (Zamagni, 2012; Guin’ee, 2016) and
more are posed by everyday practice, such as a deeper integration of the three pillars into
LCSA and harmonization among the existing models, the implementation of a multimethod
approach to address uncertainties, and the broadening of impacts and scope of the LCSA, in
terms of both temporal and spatial dimensions and dynamics. As conclusion for the present
chapter, a brief excursus of solutions offered in literature to the abovementioned issues is pro-
vided in the following.

4.5.1 Integration and harmonization

Several authors (Zamagni, 2012; Guin’ee, 2016; Gloria et al., 2017; Kua, 2017) spread out the
call for a deeper integration among different aspects of LCSA, namely environmental, social,
and economic, with particular regard to their mutual relationship and reciprocal effects. As
they are currently addressed separately, following the scheme proposed byKl€opffer (2003), in
terms of both independent inventories and analyses, even when developed under the same
premises, rules, and scopes, they are unable to deliver an overall assessment. Thus, the direct
application of LCSA as sum of ELCA+SLCA+LCC is actually failing in providing a result
going beyond the sum of impacts of its different constituents (Lee and Kirkpatrik, 2001;
Zamagni, 2012). In a context of difficult data collection, where SLCA still results under devel-
opment and it could be affected by higher uncertainties, compared to ELCA and LCC, the
conceptual framework appears inadequate to fully depict the interrelationships and interde-
pendencies of the three pillars’ assessments (Zamagni et al., 2013).

In this sense, the effort towards standardization and harmonization of different existing
tools would support the construction of a common pathway for researchers, in analogy with
what is already proposed and accomplished for ELCA, supporting the identification and
prioritization of common goals and methods. Zamagni (2012), following the same founda-
tion stone of the approach, which calls directly to humankind and generational equity as
yardstick for sustainability (Bruntland, 1987), attempted a holistic perspective in posing
the human at the very center of LCSA, and proposing “well-being adjusted life years” as
a unique LCSA indicator. Within the body of literature, new approaches emerged during
the last years, such as life cycle sustainability unified analysis (LiCSUA, proposed by
Kua (2017), incorporating key features of LCSA framework (Kl€opffer and Renner, 2007),
and the life cycle sustainability analysis framework proposed under CALCAS. Corona
et al. (2017), on the other hand, accepted the three-pillar model of LCSA, applying the same
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structure as ELCA to SLCA, suggesting, at the same time, new classification and character-
ization models, following United Nations Environment Program/Society for Environmental
Toxicology and Chemistry (UNEP/SETAC) guidelines on S-LCA. Nevertheless, this
remains an open issue, which should be perceived as a starting point for every future
development of LCSA.

4.5.2 Implementation of a multimethod approach

Following the call for integration of different aspects of LCSA and in order to fill the gap
between modeling and reality, i.e., reducing the uncertainties inherent to the modeling activ-
ity, amultimethod approach iswidely regarded as themain opportunity available (Halog and
Manik, 2011; Gloria et al., 2017; Ren, 2018a,b). From the beginning of LCSA application, the
intrinsic trans-disciplinary nature of the subject was recognized as requiring an integration of
methods andmodels (Guin�ee et al., 2011), to address specific sustainability issues. This raised
the issue of selection, sharing, and availability of these models and of the proper matching
between models and sustainability questions (Gloria et al., 2017).

Within the framework of a growing circular economy, LCSA should be also able to adapt
and include tools able to model industrial symbiosis, circular material flow analyses, and re-
source scarcity. Many analytical approaches have been recently explored as opportunities to
improve the traditional LCSA. An overview is provided in Appendix B and some significant
examples are reported here in the following.

Plevin (2016), for instance, as presented by Gloria et al. (2017), explored the opportunity
offered by Global Change Assessment Model (an integrated assessment model) to improve
the comprehensiveness and robustness of Climate-LCA of biofuels. In particular, following
the approach set by consequential LCA, market interactions, cascade consequences at global
scale, and evolution in socio-economic indicators, such as population and GDP, and technical
knowledge are addressed. Wu et al. (2017), on the other hand, integrated an agent-based
modeling approach to the life cycle inventory analysis in order to address temporal and spa-
tial variation of indicators into the case study of green building development. Moreover, an
agent-basedmodeling has been applied to addressmicro-level interactions and heterogeneity
displayed at individual level (Gloria et al., 2017).

The same Kua (2017), abovementioned, proposes an integrated and unified analysis, con-
sidering “soft” indicators, such as vulnerability, resilience, and stakeholders’ risk aversion
through approaching “cross-links indicators, inter- and intradimensional consequences, re-
bound effects, and potential ‘transitioning’ of these indicators into a single framework”
(Gloria et al., 2017: 1451). He et al. (2019), addressing the subject of sustainability assessment
of products, set accuracy as the first space for improvement of LCSA and they proposed an
indicators’ analysis approach to mitigate the impact of uncertainties over the final results; the
set of indicators belonging to five conceptual areas, namely energy, environment, resource,
technology, and economy (Fig. 4.16).

Ren (2018a,b), still focused on uncertainties management, proposed a comprehensive life
cycle sustainability prioritization framework for ranking the energy systems. As presented in
Fig. 4.17, a multistage approach was applied. In particular, a first step involved a fuzzy two-
stage logarithmic goal programmingmethod, used to determine theweights of the criteria for
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FIG. 4.16 Product sustainability indicators (He et al., 2019).

FIG. 4.17 Flowchart describing the ap-
plication of life cycle sustainability assess-
ment for prioritization (Ren et al., 2015;
Ren, 2018a,b).
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sustainability assessment. An interval gray relational analysis method was then applied for
the prioritization activity. The results obtained from a system analysis of alternatives, giving
rise to a prioritized, multicriteria assessment, is regarded as a robust and reliable decision-
support tool, highlighting the vocation of LCSA to be applied at the design stage.

4.5.3 Broadening of impacts and scope

In a context of growing application and implications of the LCSA framework, the broad-
ening of impacts and scope addressed by the tool (or set of tools) and how to harmonize a
deeper and wider assessment are widely regarded as open challenges (Schaubroeck and
Rugani, 2017). Guin’ee (2016), for instance, suggests that LCSA should not be limited to
the product or organization’s level, but should be used also for analysis encompassing entire
systems and economies.

In addition to this, due to the extreme complexity of systems underpinned even to the sim-
plest LCSA, dynamicity of models and results and their adaptability are key elements for the
overall reliability of the assessment. As both natural and anthropic systems are evolutionary
by definition, a static LCSA may only return an instant picture of something that is either
changing before the eyes of the analyst or not mimetically representative of the phenomenon
as a whole. For these reasons, a dual-dimensional trajectory must be followed, as suggested
by Wu et al. (2017), following the development of the indicators on scales both temporal, i.e.,
on different interval of time, and spatial, i.e., in terms of spatially distributed simulation
(Fig. 4.18).

Under these premises, how to define the new boundaries for the LCSA and how to account
for direct and indirect interactions among the new level of analysis (e.g., technological, eco-
nomic, and political) remain still open issues (Gloria et al., 2017).

4.5.4 Final remarks

Concluding this overview of the ongoing pathway of LCSA, two further elements for dis-
cussion are worth mentioning, related to the scale of application of LCSA, namely at global
and immanent level, i.e., the overall context of sustainability, and on the local and contingent
dimension, i.e., the diffuse application of LCSA.

With regard to the context of sustainability, the relationship between LCSA, as decision-
support tool, and sustainable development goals (UN SDGs), as a widely recognized frame-
work for decision-makers, has been evaluated by a few authors (Gloria et al., 2017; Ramos,
2019). As LCSA comprises also socio-economical assessment into an integrated tool, in fact,
it actually responds directly to the call for a supportive and trans-disciplinary approach pro-
posed by UN SDGs. Thus, promoting a pro-active attitude towards the planning of activities,
operations, processes, programs and policies, based on quantitative and comprehensive as-
sessment of impacts. As stated by Zamagni et al. (2013), LCSA, in this sense, as many
predictive-modeling activities, is inherently permeated with self-denying prophecies (“e.g.,
in predicting undesired consequences, which will be combated before they have the chance
to develop,” Zamagni et al., 2013: 1637), which may actually represent a double edged
weapon for the diffusion of LCSA at the decision-making level.
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On the other hand, in order to promote a wider application of the LCSA framework and,
consequently, a broader diffusion of sustainability-related considerations in the design of
products and processes, a set of simplified tools would certainly be required. A set of tools
possibly fitting with this call could include indicators and scenario analysis. As highlighted
by Bell and Morse (2018), the use of indicators and indices, which is typically aimed at sim-
plifying systems and conveying complex information to the public, could be curbed to this
scope, but it would require a detailed analysis of the specificity of sectors and applications
of LCSA and it would probably not respond to “one size fits for all.” The same approach could
be applied through scenario analysis, where processes are simplified and alternative

FIG. 4.18 Outline of the integration of an agent-based model into LCA framework for the case study of LCSA of
buildings. In particular: (A) depicts two general LCI approaches towards data; (B) compares the static modeling with
the agent-based modeling (ABM), demonstrating the temporal, spatial, and behavioral dynamics (Wu et al., 2017).
(A) Left part of the subfigure is adapted from ISO 21931-1:2010 Fig. B.2 (ISO 2010, 19).
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solutions characterized at a level useful to improve the understanding of the decision-makers
and speed-up the adaptation of the proposal to the development, for example, of a project,
and yet complex enough as to model the process itself adequately, without losing the reliabil-
ity of results proposed (Spangenberg, 2018).

References
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5.1 Introduction

Environmental pollution has an increasing effect on our daily life; as a result, people focus
more and more on methods to assess environmental protection properties of industry pro-
cesses or industrial production. Over the years, life cycle assessment (LCA) has drawn a
lot of attention frommany experts and scholars, by which the influence of industry processes
could be quantified clearly. Nowadays, the LCA method, along with other life cycle ideas, is
used to evaluate the environmental protection property of an industrial product, a craft pro-
cess, or an activity (I.E. Agency, 2018; Intergovernmental Panel On Climate Change, 2014).

In the late 1960s, the life cycle assessment (LCA) concept emerged in the United States. In
1969, the Midwest Institute of the US tracked the processing procedure of bottles of Coca-
Cola, including glass bottles and plastic bottles, from resource to final disposal. The resource
and environmental profile analysis (REPA) method was used and laid the foundation for
LCA (Hunt et al., 1996). In the late 1980s, with the increasingly serious regional and global
environmental problems, global environmental awareness had been increasing gradually.
The public started to focus on the results of LCA. A number of works of LCA promoted
the rapid development of the LCA theory. In 1990, the first international seminar about
LCAwas held by the Society of Environmental Toxicology and Chemistry (SETAC), in which
the concept of life cycle assessment was brought forward for the first time. In 1993, Life Cycle
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Assessment outline—a practical guide was published, marking the formal start of research into
LCA methodology.

There are four correlative states making up the LCA, which are: (1) goal and scope defi-
nition; (2) inventory analysis; (3) impact assessment; and (4) interpretation, as shown in
Fig. 5.1 (ISO, 2006a). The purposes of LCA can be: (1) comparison of alternative products, pro-
cesses, or services; (2) comparison of alternative life cycles for a certain product or service; or
(3) identification of parts of the life cycle where the greatest improvements can be made (Roy
et al., 2009). In 1997, the International Standardization Organization (ISO) enacted Environ-
mental management—life cycle assessment—principles and framework (ISO, 2006a) on the basis
of SETAC and incorporated LCA into this standard series, putting forward the basic princi-
ples and frameworks of LCA by the international standard form (ISO, 2006a; Czyrnek-Delêtre
et al., 2017).

The LCA is an assessment tool used to evaluate life cycle impact and resource utilization of
a product, a process, or an activity (Khang et al., 2017). It has been used inmany domains since
its birth, such as energy, chemistry, food, agriculture, building materials, and so on (Lundie
and Peters, 2005; Thomassen et al., 2008; Renó et al., 2011; Nemecek et al., 2011; Restianti and
Gheewala, 2012; Valderrama et al., 2012; Garrett and Ronde, 2013). Software came into being
to improve the efficiency of an LCA, because of its strong systematic nature, wide-ranging
aspects, and a great deal of work. At present, the most popular pieces of LCA software world-
wide are SimaPro and Gabi. SimaPro was invented by PR�e Consultants in Netherlands and
Gabi was invented by PE International in Germany (PR�e-Consultants, 2014; Pe-International,
2014; Van Genderen et al., 2016). Different forms of LCA software integrate a large number of
universal databases and environmental impact assessment models. The complicated process
of modeling LCA and environmental impact analysis has been simplified, which can make
LCA practitioners concentrate on researching core data and improve their work efficiency.

Sustainability science is a solution-oriented discipline, whose core scientific question is
how to evaluate and improve sustainability reasonably (Robert et al., 2005; Mihelcic et al.,
2003). Life cycle thought can support sustainability assessment. As there are many environ-
mental policies in Europe, sustainable consumption and production implementation plans
and European resource efficiency plans are supported by life cycle thought (Sala et al.,
2013). Andersson et al. (1998) tested the feasibility of incorporating the sustainable principle
into each stage of an LCA, which was the first attempt to apply LCA to sustainability
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FIG. 5.1 Stages of an LCA (Czyrnek-
Delêtre et al., 2017).
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assessment. Upham (2000) applied sustainable principles to impact analysis of an LCA, pro-
moting the development of a more general theory. Hunkeler and Rebitzer (2005) pointed out
in The Future of Life Cycle Assessment, published in The International Journal of Life Cycle Assess-
ment, that the perspective of an LCA should be extended to economy and society. Kl€opffer
et al. (2008) (Weidema, 2006) put forward the technical framework of the LCSA, including
environmental, economic, and social aspects, stating that the framework of the LCSA should
contain the life cycle assessment (LCA), the life cycle cost (LCC) and the social life cycle as-
sessment (S-LCA), which can be expressed as:

LCSA¼LCA+LCC+SLCA

The technical framework abovemakes LCA theory grow from focusing only on energy and
environment analysis to more comprehensive sustainable assessment, including not only
economy, but also social impact aspects. At present, environmental LCA, LCC, and S-LCA
constitute the basis of LCSA (Ciroth and Franze, 2011), but they have different maturity.
The environmental LCA, traditional ISO LCA, has improved gradually, becoming almostma-
ture. The ecologically based LCA, Eco-LCA, mainly considers the impact of ecosystem prod-
ucts and services (such as water, mineral substance, carbon sequestration, etc.) on economic
activity. The analyses on material flow and energy flow are common methods for LCA to an-
alyze matter, materials, and energy (Zhang et al., 2010). The economic LCA was introduced
by the concept of the life cycle cost theory and was self-fulfilling. For example, Desmond
(2002) analyzed the life cycle cost of cars by using LCC method. The LCC method takes cur-
rency flows, like matter and energy flows, into consideration and structures cost according to
life cycle stages and stakeholder, providing key economic indicators of evaluation system
(Swarr et al., 2011).

Compared to LCC, S-LCA is still in its infancy. van Schooten et al. (2003) (Becker and
Vanclay, 2003) proposed that evaluation would be impacted by society. The United Nations
Environment Program (UNEP) suggested integrating the social criterion into traditional LCA
method. Labuschagne et al. (Brent and Labuschagne, 2006) showed a sustainabilitymethod to
evaluate projects and technologies used in processing industry, called social impact indica-
tors. Grießhammer et al. (2006) first issued feasibility analysis of S-LCA. Geibler et al. (2006)
(Brent and Labuschagne, 2006) advised that S-LCA should consist of eight indicators: health
and safety, work conditions and quality, employment impact, education and training, knowl-
edge management, innovation potential, customer acceptance and social benefits, and social
dialogue. Norris (2006) showed life cycle attributes assessment (LCAA), the main idea of
which involves putting a social responsibility certification system into an environmental life
cycle assessment inventory and using an environmental inventory structure to evaluate social
factor. Andrews et al. (2009) made social life cycle impact assessment (LCIA) of products of
Canadian greenhouse tomato, using LCAA method, which showed that the social life cycle
impact assessment can help greenhouse tomato production enterprises to fulfil their social
responsibility. Benoı̂t et al. (2010) issued an S-LCA guide and pointed out that social impact
assessment should make analysis from five major stakeholders: workers/employees, com-
munity, society (at the national and global levels), consumers, and value chain actors. The
S-LCA guide posed questions in life cycle social impact assessment and gave solutions of
these questions at the same time, becoming the main reference for evaluation of social im-
pacts. However, additional studies are still needed in methodological and practical aspects.
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Zamagni et al. (2013) thought that, compared to E-LCA, S-LCA faces two difficulties, in data
and indicators, respectively. Furthermore, the technical framework of LCSA still needs to be
further understood and applied in three respects: environment, economy, and society.

5.2 The environmental assessment—LCA

The LCA is an analysis tool used to compute and evaluate the environmental impact and
resource utilization of a product, a process, or an activity in the whole life cycle, including raw
material mining, raw material transportation, products production, products transportation,
products use, products maintenance, recycling, and final treatment (Rebitzer et al., 2004;
Granovskii et al., 2006; deHaes et al., 1999, 2002). The research of an LCA focuses on thewhole
life cycle of a product and other objects to evaluate the environment and resource aspects, so
its level is expressed from cradle to grave (Cabeza et al., 2014; Rafaschieri et al., 1999;Margaret
et al., 1996; Pehnt, 2006).

5.2.1 Technical framework

5.2.1.1 Goal and scope definition

This phase is the first step, and is perhaps themost significant link of an LCA. In this phase,
the expected product of the study, system boundaries, functional unit (FU), and assumptions
are defined (Yue et al., 2013; Guin�ee, 2002). The system boundary is often expressed by the
system balance diagram, and also contains processes supporting the life cycle of the product,
process, or activity. The functional unit (FU) standardizes the inventory data and its defini-
tion depends on the affect type of environment and study itself. The FU is the basis of most
products during the study. LCA is a continuous adjustment process. The breadth and depth
of investigation depends on its target. The range of study also depends on the object of study
and the potential application fields of study result (Curran, 1996).With the increasing number
of information, the understanding of the systemmight be changed. The original target and the
range of the research should also be adjusted.

5.2.1.2 Inventory analysis

In this phase, the data of resource, energy consumption, and contaminant discharged into
the environment, in each stage of an LCA, have been collected and processed. Therefore, this
phase takes themost time of the whole LCA, when data collectionmay bemore time consum-
ing (Hendrickson et al., 2010; Crawford, 2008). The time spent in this section depends on the
quality of the data collected. If a good database is available, aswell as customers and suppliers
willing to offer help, the task of inventory analysis should be easier.

The inventory of an LCA is a summary of all inputs and outputs related to the system,
based on the functional input and output data sheets. It is also the basis of the third phase
impact assessment (ISO, 2006b). The correctness of the results depends directly on the quality
of the inventory. The work of inventory analysis is an iterative process, throughout each stage
of an LCA. With the process of collecting and disposal of data, the understanding of the
research system could be deepened continuously. New demands on collection scope and
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quality of data may come out and the data collection program should bemodified in line with
the research target. Fig. 5.2 shows a diagram of life cycle inventory analysis (Roy et al., 2009).

The Eco-Indicator 99 is a powerful and useful tool; it is a weighting method used for prod-
uct design and also inmost LCA studies. It canmake an LCAmore understandable and trans-
form the LCA results into user-friendly units: the Eco-indicators (Ministry of Housing, 2000).

5.2.1.3 Impact assessment

The impact assessment is thework center of an LCA. According to the data provided by the
inventory analysis about consumption and emissions, the environmental impact of product
will be evaluated (Finnveden et al., 2009). The impact of environment is also defined when
matter and energy are exchanged among the research and environment. However, compared
to other phases, the maturity of impact assessment is still not enough, and more work is
needed. Fig. 5.3 shows the execution steps of impact assessment (Liu and Ma, 2009). Several
elements make up the impact assessment, including classification, characterization, normal-
ization, and valuation.

After clarifying the environmental impact categories that the study concerns, the inventory
data will be distributed into different environmental impact categories. There are different
environmental categories in different impact assessment methodologies. For example,
SETAC classifies the environmental impact into three types, which are the impact on ecosys-
tems, human health, and resource consumption. Guin�ee (2002) divide environment problems
into the exhaustion problem, the pollution problem, and the perturbation problem. Different

Data collection preparation

Goal and scope definition

Data collection

Data definition

Data consolidation

System boundary modification

Distribution and recyclingAssociation of  data and unit process

FIG. 5.2 Diagram of life cycle inventory analysis (Roy et al., 2009).
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subclasses are also separated from the broad categories of environmental impacts, when the
broad category of the impact on ecosystems consist of global warming, acidification, photo-
chemical smog, ozone depletion, water eutrophication, and so on (Du and Karoumi, 2014).
Different categories of environmental emission could make the same kind of environmental
impact. For example, the inducing factors of haze include PM2.5, SO2, NOX, and so on, but
SO2 could also cause acidification.

The environmental impact potential of the environmental emission factor is quantified by
characterization, which is the basis of related knowledge about physics, chemistry, biology,
and toxicology. The computational models of characterization consist of load model, equiv-
alent model, inherent chemical behavior model, overall exposure-effect model, and site
exposure-effect model. The equivalent model is the most commonly used model. In this
model, each impact type will be offered a specified matter as reference substance, called
the characteristic factor. The impact potential to one impact type of the other matter will
be measured by the characteristic factor. For example, the ability to cause the greenhouse ef-
fect of greenhouse gases will be expressed as CO2 equivalents, where the ability to cause the
greenhouse effect of exhausting 1kg CH4 is equivalent to the ability of exhausting 25kg CO2.

The final step is normalization. According to the contribution, different types of environ-
mental impact are weighted to evaluate integrated environmental impact (ISO, 2006c). There
are many environmental impact types to be investigated. The normalization is a necessary
step, which helps decision-makers make an overall consideration about every aspect of
environmental impact, avoiding decision mistakes caused by lack of knowledge.

Inventory analysis
of  an LCA

Classification Categorize inventory items

Confirm evaluation basis points

Choose measurement basis points

Describe by conversion model

Use quantization method

Valuation

Normalization

Characterization

FIG. 5.3 Executions steps of life cycle assessment
impacts assessment.
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5.2.1.4 Interpretation

Interpretation is the last phase of an LCA, which is made up of summary and discussion
about inventory analysis and impact assessment. Theweakness of a product or a craft process
will be identified, and relevant suggestions will be offered (ISO, 2006b).

5.2.2 Research progress

The research related to the environmentalmanagement standards ISO 14040 and ISO 14044
made by the International Standardization Organization (ISO) have the most impact on LCA,
which reflects the research consensus of LCA all over the word. At present, the main research
directions of LCA include inventory analysis methods and impact assessment methods. The
theory of the inventory analysis method, which places emphasis on normalizing the data ac-
quisition, is reaching maturity. The research of the impact assessment impact consists of an
assessment index system, impact assessment characterizationmodel, the normalization of the
assessment results, and so on. It is reflected in a rising series of environmental damage types,
building mathematical models of life loss, and measuring and determining the toxicity of the
pollutants to human health and ecosystems (Hertwich et al., 1999). Up to now, the method-
ology and reference system of the LCIA is still developing forward continuously. There is no
uniform standard accepted generally. There are different kinds of methods proposed, inter-
nationally, to evaluate the impact, such as eco-scarcity method (Hanssen, 1999), environmen-
tal priority solution (EPS) method (Steen et al., 2019), eco-indicator method (Spriensma, 1999),
and environmental design industrial product (EDIP) method (Wenzel et al., 2000). The char-
acteristics and weight approaches used by the environmental impact assessment methods
above are listed in Table 5.1 (Hanssen, 1999; Finnveden, 1997).

TABLE 5.1 Summary of some LCIA methodologies that include weighting approaches.

Assessment method

Eco-

scarcity EPS Eco-indicator EDIP LIME

Major version 1991
1997

1992
1997
2000

1995
1999

1997
2003

2003

The range of application Switzerland World Europe or
Netherlands

Denmark Japan

The weighting selection of the
characterization factors

Average
value

√

Specific scope √ √ √

Goal-distance
method

√ √

Expert
decision

√

Monetization
method

√ √
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At present, the research is combined with material flow analysis (MFA) and the LCA is
carried out internationally, which is one of the important directions in which to extend
the application range of LCA. For example, the environmental science research center
at Leiden University in the Netherlands calculated the exhaust potential value of ore re-
sources and built many metallic environmental impact characterization models. It offers
important reference standards and basic information for the evaluation of original
resources, energy consumption, and environmental impact of industrial production
(van Westenenk et al., 2019). Swedish scholars combined SFA with LCA, and recorded
the emission data of the polyvinyl chloride (PVC) material chain and all the others
related to PVC in Sweden. They have also turned the data into an environmental
subject score of LCA, which provides clear direction to the life cycle assessment of PVC
(Tukker et al., 1997).

5.2.3 Application situation

AnLCAmethod can evaluate the environmental aspects in the decision-making process by
studying the whole life cycle of products, industry, and even the industrial chain. The eval-
uation could be strategic, or be a specific operation, which makes the industrial internal
behavior more in accord with the principle of sustainability.

5.2.3.1 Used in industry and enterprise sectors

The major applications of an LCA in industry and enterprise sectors consist of:

(1) the life cycle assessment of the production process and the integration production
progress; and

(2) the life cycle assessment combined with the industrial long-term planning and the
logistics analysis in strategy formulation.

The primary territories can be summed up as:

(1) the identification and diagnosis of the product system;
(2) the evaluation and comparison of the life cycle assessment of a product;
(3) the evaluation of the effect of product improvement;
(4) the ecological design of products and development of new products;
(5) the process design and the recycling management; and
(6) the audit of cleaner production (Houillon and Jolliet, 2005; Perugini et al., 2004; Yang et al.,

2004; Lopes et al., 2003; Xiang et al., 2003).

5.2.3.2 Used in government administration and international organizations

Life cycle assessment can solve the problems of the rational allocation of resources and
environment in all life cycle stages (production, use, recycle, and disposal), from the mi-
crocosmic aspect. The interaction and impacts among the socioeconomic system and the
natural ecological laws system provide the basis for government administration to de-
velop the environmental policy of region and industry macroscopically (Carlsson Reich,

102 5. Development and applicability of life cycle impact assessment methodologies



2005; Funazaki et al., 2003; Park et al., 2003; Chevalier et al., 2003; Shiels et al., 2002). The
main content aims to:

(1) formulate environmental policy and international management system, coordinate the
regional or global environmental problems, improve and protect environment by
standard ways, and satisfy the needs of sustainable development of economy;

(2) establish environmental product standard and implement ecolabelling plan;
(3) formulate corresponding tax, credit, investment, and environmental protection policy,

and accelerate the development of the industry of waste recovery and recycling;
(4) optimize energy, transportation, and waste management solutions of government,

minimize the environmental load and economic cost of the economic system; and
(5) provide the public with information about the related products and raw materials,

improve ecological consumption benchmarks, and advocate green and sustainable
consumption.

5.2.4 Limitation

Though the technical framework and analysis features of an LCA have also been widely
accepted and understood, there is no consensus on the specific operation. Therefore, LCA
faces many complications, as exhibited in the definition of system boundary, the definition
of the impact categories, the choice of the impact evaluation models, and so on. As far as eval-
uation methods are concerned, some defects remain in current impact evaluation models and
integration methods.

5.2.4.1 Objective problems

It is almost impossible for life cycle assessment to avoid the influence of subjective factors,
which is determined by the understanding of the LCA method, the knowledge of the system
evaluated, the knowledge background, and the value judgment of the executors of an LCA
(Huijbregts, 1998; Owens, 1996). For example, in one respect, the choice of the system bound-
ary depends on the cognition degree of the object of the study and the predetermined research
target. In another aspect, when quantificationally evaluating an impact type, several kinds of
models can be used to determine the effect. Different models can offer different results, some
of which can be measured in orders of magnitude. Thus, artificial selections of impact assess-
ment models make the evaluation results subjective.

5.2.4.2 Limitations of information and data

ForLCA, the limitationsof informationanddataareoneof themajorhindrances (Ciroth, 2004;
Rosset al., 2002).Thishindranceappears in twoaspects: lackof informationwhichcanbeusedas
influencecategorybasis,andlackof informationanddata fromeachstageof theLCA.It isusually
hard to obtain the related data and the data gained is of lowquality. The typical production pro-
cess or the mean level are adopted as the substitutes. The data may be estimated by empirical
formulas (or experience judgment); this means that the data may be inaccurate and the error
maybebigger,whichcouldbemisleading. It is alsonoteasy tosolve theproblemsabove. Inorder
to solve the problems, themining industry, the rawmaterial production industry, and the prod-
uct manufacturing industry should work together, effectively.
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5.2.4.3 Time and geographical constraints

Space and time should be integrated in environmental effect aspect in LCA, whether the
original data or the evaluation result both have limitations of time and space. Additionally,
the LCA comes from the European perspective. Therefore, the impact categories included in
the prototype of the LCA reflect Europe’s environmental problems. Though the integration of
space and time can compare the different systems according to the consistent boundary def-
inition, some significant environmental impact of the systems beyond Europe are covered.

5.3 The economic assessment—LCC

Life cycle cost (LCC) is the sum of the costs throughout the whole life cycle of a product.
Theoretically, an LCC covers the entire life cycle of a product or an engineering project. The
life cycle cost assessment is an economic evaluation of a product or an engineering project
across its lifetime, which helps decision makers to choose the best investment plan, on the
basis of the least cost (Woodward, 1997; Khan et al., 2010). An LCC can be expressed as fol-
lows (Andrae et al., 2004):

LCC¼ IC+OC+DC

where IC is initial investment cost, OC is operating cost, and DC is discarding cost.
The whole life process of a system or an equipment (planning and design, acquisition and

installation, operation and maintenance, renewal and reform, and even scrap and recycle)
will be taken into account, synthetically, which makes minimum the life cycle cost. After
building the model of an LCC, the profound influence and insignificant influence can be
gained by sensitivity analysis to provide a reference for later decisions.

In an LCC, the traditional mode, aiming at minimum acquisition expense, has been aban-
doned, which is a major breakthrough of cost decision. The new mode is not like the old way
of only thinking about short-term benefits or particular cost of equipment. The key point of an
LCC is to estimate the overall cost. For an example, the control strategy with the target for the
minimum annual burden can’t show the minimum overall cost of the equipment or the sys-
tem. The essence of an LCC is to ask decision-makers to take the whole situation into account
and plan accordingly, and mainly consider the long-term benefit. The significance of an LCC
can be shown as follows:

(1) according with the strategy of sustainable development;
(2) avoiding unnecessary loss caused by blind selection, andmaking decisionsmore scientific

and effective; and
(3) allocating resources efficiently.

5.3.1 Classification

According to different classification criteria, there are threemethods to classify LCC,which
are content dependence, time dependence, and cost dependence (De Benedetto and Klemeš,
2009; You et al., 2012).
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5.3.1.1 Content dependence

On the basis of content, the LCC could be divided into four categories, which are operation
cost, utility cost, investment cost, and others, as shown in Fig. 5.4.

5.3.1.2 Time dependence

Two categories are divided from the LCC, initial cost and future cost, on the basis of time.
The initial cost is the total cost before the equipment is put into use, while the future cost is the
total cost of the equipment from being put into use to being scrapped. The future cost mainly
consists of nonrecurring cost and repetitive cost. The nonrecurring cost (nonannual cost) is
the sum of necessary nonrecurring expense to keep the equipment in good condition when
the equipment starts running. The repetitive cost (annual cost) is the accumulated cost reg-
ularly devoted to make the equipment run smoothly, including maintenance cost, operating
cost, administrative cost, and repair cost (Fig. 5.5).

5.3.1.3 Cost dependence

In consideration of cost dependence, an LCC could be divided into the three categories of
operation and maintenance cost, alternative cost, and construction cost. Some subclasses are
also included in this classification, so that cost function can be defined. Each cost can be
expressed by a tree diagram (different equipment consists of different costs) for the conve-
nience of observing and cost analysis.

LCC

Operation cost

Utility cost

Investment cost

Others

Income

Revenue

Discount

Scrap value

Project cost

Water use and treatment cost

Energy consumption cost

Administrative cost

Repairing cost

Maintenance cost

FIG. 5.4 Content dependence classification.
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5.3.2 Analyze content

Compared to a traditional economic evaluation method, which only considers one ex-
pense, LCC takes the whole life cycle cost as the standard. The core of an LCC is to obtain
expenses of different equipment or projects and estimate the total cost of the LCC by a
corresponding estimation method. The content of an LCC consists of several aspects, as
discussed below (Politano and Frohlich, 2006).

5.3.2.1 Cost breakdown

In order to improve computational accuracy, the LCC should be classified from top to bot-
tom to gain the minimum cost unit until it can be evaluated. The minimum cost unit is a tree
diagram that is neither repeated nor omitted, which includes all related cost units.

5.3.2.2 Cost estimate

The cost estimate of an LCC is aimed at providing better choice among different products
and equipment. The most effective method is to quantify them as unit cost for comparison.
The process of estimation is also before the expense, called cost modeling. The problems be-
tween different algorithms can be solved by constructing cost estimation methods for each
expense.

5.3.2.3 Cost conversion

Some differences exist in the fixed number of years of cost estimation, the service life of
equipment and system. The money also has different value in different years. It is thus nec-
essary to standardize the parameters above for the convenience of calculation and compar-
ison. There are three common methods: the net present value method, the equivalent
annual method, and the final value method.

5.3.2.4 Sensitivity analysis

All cost units have many elements affecting the result, with different kinds of units. In or-
der to confirmwhether an element is important, the influence of elements to cost units should

Initial cost

Future cost

LCC

Repetitive cost

Nonrecurring cost

Alterations cost

Overhaul cost

Maintenance cost

Operating cost

Administrative cost

Repairing cost

FIG. 5.5 Time dependence classification.
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be analyzed quantitatively. The quantitative indiceswill also be gained, and the decision basis
for life cycle cost is provided.

5.3.2.5 Trade-off analysis

The trade-off analysis has two main demands: that the choice will be included in adequate
alternatives, and that balance and comparison are made between the life cycle costs. It turns
out that the trade-off analysis is very effective for reducing the life cycle cost, especially for
maintenance and support costs in the middle and later periods. The early costs for security
and safety of equipment not only ensure smooth operation, but can also reduce the huge ex-
pense of maintenance.

5.3.3 Estimating method

According to different stages of information at hand and cost estimation, an LCC estimat-
ing method can typically be divided into three methods, which are parameter estimating
method, analogy estimating method, and engineering estimating method.

5.3.3.1 Parameter estimating method

Parameter estimating method (parameter analysis method) is aimed at studying the inner
system of cost estimation on the basis of parameters and variables. Estimating the life cycle
cost is to choose the physical and performance parameters with the greatest andmost obvious
influence, building on the original data of similar equipment. At the same time, the relation-
ship between cost and parameters is expressed by themathematical model of regression anal-
ysis. In different application areas, this method has different application modes.

Showing the advantages of convenience and speed, the parameter estimating method in-
puts performance parameters into the system and gains the relationship between the estima-
tion equipment and the cost (or the characteristic quantity and the cost). And the difference of
changing the design schemewill also be evaluated objectively. In sample points gained by the
parameter estimating method, several problems (such as error, delay, alteration, and so on)
exist in the system, directly manifested by sample points. Compared to the analogy estimat-
ing method, the parameter estimating method can improve stability of the estimated value of
the new cost, because of fewer variables and less outside impact.

The parameter estimating method still has some disadvantages: reliable and effective cost
estimationmust have huge historical costs and data stored into the database tomake the sam-
ple useable again in cost estimation. After updating the system, the risk of the extrapolated
database will be improved. There is a huge difference between the updated system and the
quondam system; so, the system with big update range or technical differences will be
refused.

5.3.3.2 Analogy estimating method

In the analogy estimating method, the life cycle cost will be estimated from the data of the
known equipment first. Then, the equipment and data informationwill be analyzed and com-
pared, and the coefficient will be determined by the related parameters, whichmakes the pro-
cess of estimation complete. The above method is usually used in scheme reform, scheme
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planning, and argument of the equipment implementation. There are several impact factors
of the analogy estimating method in the estimating process, which are condition, time, and
level of similarity and dissimilarity of the similar products. The mathematical model can be
expressed as:

C¼C0n1n2n3

where C is the cost of an LCC, C0 is the similar cost of an LCC, and ni (i ¼ 1, 2, 3) are similar
coefficients, respectively.

The analogy estimatingmethod could be divided into two types. One of them is to estimate
roughly the cost of the similar equipment or the equipment to be built. The other is to estimate
roughly the costs among the similar cost equipment and the equipment to be built. In the final
stage of an LCC, the analogy estimating method will be widely used and shown full expres-
sion in similar application of data.

5.3.3.3 Engineering estimating method

In the engineering estimatingmethod, the cost of each unit will be calculated first. Then the
sum of the costs above will be determined, which is the overall life cycle cost. Before the pro-
cess, the detailed parameters of system and the cost of equipment maintenance are needed
simply. The usage frequency is usually high in late problem. The mathematical model can
be shown as flows:

C¼C1 +C2 +C3

where C is the life cycle cost and Ci (i ¼ 1, 2, 3) are unit costs in different times, respectively.

5.4 The social assessment—S-LCA

5.4.1 Research status

The social life cycle assessment is a social impact evaluation tool, which is aimed at eval-
uating the social and sociometric impact of a product. It is the only way to evaluate the social
impact from the angle of the life cycle (Lehmann et al., 2013). The impact includes positive and
negative influence in the whole life cycle of the product (Benoı̂t et al., 2009). The whole life
cycle consists of mining, processing, manufacture, transport, use, recycling, maintenance,
and disposal. The S-LCA is another type of LCA, placing emphasis on the social aspect
(Kl€opffer and Ciroth, 2011).

Compared to other social impact assessmentmethods, the biggest difference is the study of
the whole life cycle of a product. The directly positive or negative impacts on stakeholders are
included in the social impacts of an S-LCA. When scaling up, the indirect impact should
also be taken into consideration. These impacts are related to the behavior of enterprise,
the sociometric process, and the accumulation of social capital.

By analyzing the pertinent literatures, the research statuses of the S-LCA field are as
follows.
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5.4.1.1 Guidance document

In 2009, the United Nations Environment Program (UNEP) and Society for Environmental
Toxicology and Chemistry (SETAC) publishedGuidelines for Society Life Assessment of Products
(hereinafter referred to as Guidelines). Guidelines (Benoı̂t et al., 2009) takes ISO14040: 2006
Environmental management-life cycle assessment-Principles and frameworks and ISO 14044: 2006
Environmental management-life cycle assessment-Requirements and guidelines as the skeleton.
The four phases of goal and scope definition, inventory analysis, impact assessment, and in-
terpretation have been put forward. Each has been stipulated and described in detail. After
that, case studies have full references. In the inventory analysis phase,Guidelines provides two
social impact categories. One of them departs from stakeholders and the other goes form the
impact types, which provides the foundation for S-LCA to development database and design
software.

In 2010, the UNEP/SETAC came up with an S-LCA methodology manual, which
expounded in detail the impact categories based on stakeholders (Benoı̂t-Norris et al.,
2011). The stakeholders consist of workers, local community, society, consumer, and value
chain-participant. The impact categories include 31 subclassifications, including fair pay,
technological development, fair competition, and so on. The manual gave the exact definition
of the each subclassification, listed the international conventions and agreements related to
the subclassification, and put forward the common goals of all mankind and suggested
instructions.

5.4.1.2 Theoretical research

In the years before and after 2009, when Guidelines was published, scholars meticulously
discussed the theoretical framework of the S-LCA. The standardized indicators missed in the
methodology have been investigated. It also proposed the adjustment method for the classi-
fication method of stakeholders. All the above have obtained some achievements.

Benoı̂t-Norris et al. (2011) summarized the development of the S-LCA methodology put
forward by UNEP/SETAC and suggested that the methodology manual still needed to be
perfected with the development of the case study. Meanwhile, he pointed out that the meth-
odology manual only provides the inventory indicators of each social classification and the
approaches of data collection, but the method to uniformly quantize the data of the research
result had not been explained,which plays a role for standardizingmodels in LCA. Therefore,
the author suggested that the standardization models need further investigation.

Dreyer (2009) summarized the development of the S-LCAmethodology and put forward a
set of frameworks of the S-LCA, combined with the previous work. He also summarized the
methods of quantitative evaluation and set up four models of impact catalogue. The methods
in the paper have been used in case studies. Mathe (2014) discussed the classification of stake-
holders. He thought that the classification of stakeholders should not be limited to the five
categories proposed in Guidelines, which should be supplemented and adjusted.

5.4.1.3 Case study

In the case study aspect, many scholars use different select and quantitative methods of
indicators. By evaluating the social life cycle assessment of different products, kinds of con-
clusions, good for decisions, have been gained. Some scholars have compared the social
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impact of different products. The pros and cons of two products in the social impact aspect
have been investigated, and the best product has been chosen.

In 2009, Blom and Solmar evaluated the behavior of ethyl alcohol, biodiesel, andmarsh gas
in their own life cycle on the basis of the S-LCA technical framework put forward in Guide-
lines, from the human rights, the working conditions, health, safety, the culture heritage, the
government management, and the sociometric reverberation. Themethod combined with the
qualitative and quantitative methods has been used to score three kinds of fuels. The result
shows that the social impact of marsh gas is the best and that ethyl alcohol is the worst, which
proves that the biofuels have superiority in social impact.

In 2014, Hosseinijou et al. evaluated the social life cycle impact of rolled steel and cement
used in northern Iran, on the basis of the classification of stakeholders raised inGuidelines. The
paper simplified the inventory by analyzing material flow and expert interviews, and the an-
alytic hierarchy process has been used to conduct quantitative evaluation. The result shows
that rolled steel is better than cement, viewed from the angle of the S-LCA. According to the
study result, the author also put forward some proposals for the two industries.

Hunkeler (2006) took labor time as the intermediate variable and quantificationally turned
the environmental cost of products into the social endpoint impact, according to the labor
time used to pay for the social life (residence, medical treatment, education, and so on). This
characterization method has been used to evaluate the social life assessment of two different
detergents.

Some scholars have built the social impact assessment models of products on the basis of
the S-LCAmethods. By using and studying these cases, the key factors of the social impact of
product have been found out. In 2013,Maink et al. carried out thework of the S-LCA about the
palm biofuel produced in Jambi province, Indonesia. According to the research result,exploit-
ative labor relations are the most important factor for the sustainable development of palm
biofuel. Local communities and laborers bear the major social cost of the industry develop-
ment. Aparcana and Salhofer (2013), in 2014, suggested the use of the S-LCA method to eval-
uate the social impact assessment of the garbage collection and recycling system in low
income countries. The three-level evaluation index system of the garbage collection and
recycling system in low income countries has been built on the basis of the S-LCA method,
and the social impact has been evaluated by 26 semiquantitative indexes.

Feschet et al. (2013) set up the quantization conversion approach of the changes in health
status and the economic benefit in the social impact, in accordance with the Preston curve in
economics (the relation between the life span and the GDP, raised by Preston). They also used
this approach to study Cameroon’s banana industry. In 2015, Dong and Thomas put forward
the stakeholders and the production phase from cradle to grave based on Guidelines. They
chose three stakeholders and the phase from cradle to construction completed; the weight
was determined by expert decision. Finally, the building social impact evaluation model
was built, whichwas used to evaluate the social life cycle assessment of an engineering project
in Hong Kong.

In 2013, Ekener and Finnveden used the S-LCA theory to identify the potential social
spots of a notebook computer. The potential social impact in this case has also been studied.
Baumann et al. (2013) used the empirical S-LCA method to compare the damage, which
was caused by the supplemental restraint system in its life cycle, and salvation. The
main evaluation index was the disability adjusted life year. The result showed that the
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efficiency of SRS of saving life and preventing damage may be different in different life
cycle stages.

The S-LCA was used as a management tool by Gabriella Arcese et al. (2013) in the tourist
trade in 2013. The potential adverse social impact was evaluated. The questionnaire was set
up on the basis of Guidelines. After analyzing the findings, the important factors of the social
impact of the tourist trade have been defined. In 2013, Gervásio and Da Silva studied the user
cost of the social life cycle impact factors of the expressway bridge, separately. The user cost
was divided into the vehicle operating cost, the travel delay cost, and the accident cost. The
quantitative calculation models of three costs were provided.

5.4.1.4 Deficiency and prospect

Since Guidelines has been issued by UNEP/SETAC in 2009, the S-LCA has great progress
and development. But it is still in the primary level of development ( Jørgensen, 2013).
According to the publications above, there are some deficiencies of the S-LCA, being listed as:

(a) Data collection difficulties Some social impact assessment report and statistical yearbooks
of the related department can offer information, but the database is not enough. Data
collection is one of themost serious problems of the S-LCA (Benoı̂t et al., 2009). At present,
the most urgently needed S-LCA databases are modeling data and social impact data,
which leave researchers facing lots of difficulties.

(b) The absence of characterization models. Compared to the LCA, the S-LCA has a big
disadvantage, which is a lack of characterization models. For example, LCA can use the
characterization models to quantitatively unify the environmental impact as the human
injury eigenvalue (Guin�ee et al., 2011), whereas S-LCA does not have such
characterization models.

(c) Can’t define the impact of the functional units. As indicated above, the result of S-LCA
can’t be quantified uniformly, due to the lack of characterizationmodels. So, the impact of
each functional unit can’t be confirmed, whichmakes the range of application of the result
very limited (Hosseinijou et al., 2014).

(d) The absence of software. With the support of enough data, the software can make the
analysis of social spots and the simplification of inventory more reliable and simpler
(Lehmann et al., 2013; Benoı̂t et al., 2009).

5.4.2 Social impact and social impact assessment

5.4.2.1 Social impact

In themethod of an S-LCA, the social impact will be defined as the impact of social relation
combinedwith a physical activity (production, consumption, and disposal) and actions taken
by stakeholders (Benoı̂t et al., 2009). The social impact is usually considered to be compli-
cated, which is the result of the system network and comes with different perspectives. In
addition, the social impact also has feedback effect on product systems, and the effect may
cause changes of social impact itself. Because of complexity and subjectivity of the social
impact, it is unsuited to unilaterally describe the state of product systems in an S-LCA. So,
a set of indicators is established from the stakeholders.
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5.4.2.2 Social impact assessment

Social impact assessment is a technical means to analyze and evaluate the impact and
result of policies, projects, events, activities, and so on in social aspect. Social impact assess-
ment is a specific social science research method applied to policies or projects, which is
aimed at understanding the situation, reasons, and results of social life. Scientific knowledge
and methods will be used to analyze the social changes, impacts, and results caused by pol-
icies or projects, and useful knowledge or policies will be offered to reduce negatives and
achieve effective management (Benoı̂t et al., 2009).

5.4.2.3 Social life cycle assessment

Social life cycle assessment (S-LCA) is an evaluation tool used to evaluate potential positive
or negative effects of a product in its whole life cycle in social aspect, including the process of
raw material mining, production, distribution, application, reuse, maintenance, recycling,
and final disposal. The S-LCA can not only be used alone but also combined with E-LCA,
supplementing the S-LCA of a product (Benoı̂t et al., 2009). The E-LCA also has the same tech-
nical framework as LCA, as shown in Fig. 5.1, meaning that the S-LCA is the expansion of the
LCA in social aspect.

The generic and fixed-point data will be used to evaluate the social life cycle (supply chain,
including service stage and disposal stage) assessment of a product. The difference between
an S-LCA and other social impact assessment tools is the object (products and service) and its
range (the whole life cycle). In an S-LCA, the social contents of evaluated products have pos-
itive or negative effect on stakeholders, directly. The effect may be connected with the impact
of enterprise behavior, socio-economic process, and social capital, and the indirect impact of
stakeholders will also be taken into consideration.

An S-LCA doesn’t have an aim of judging whether a product should be produced or not;
nor can an S-LCA give a report to stakeholders by itself, but record utility of a product. The-
oretically, an S-LCA has multiple uses, even to evaluate things that may obviously endanger
society (such as weapons). An S-LCA will provide social information for decision-makers,
encourage the exchange of ideas about production and consumption in all aspects of society,
improve work efficiency and finally aim at benefits of stakeholders (Benoı̂t et al., 2009).

5.4.3 Technical framework

5.4.3.1 Goal and scope definition

The goal definition is the first step of an S-LCA, which should describe the intended use
and ambition of the S-LCA; and then specific research can be defined to achieve the goal un-
der the constraint conditions.

The second step is to confirm the scope of the research. As a part of the scope definition, the
productions and functional units should be defined. On the basis of this information, the
product system can be modeled by using the process data or in/output data. In the stage
of scope definition, the depth of research should also be defined, and it is necessary to decide
which units need general data, or need special data collection.

The stage of goal and scope definition includes: expatiation of the object of study (includ-
ing goals, product functions, product utility, functional units, and so on); the definition
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activity variables for use and unit procedures contained; preparation for collecting data and
detailed description about which data need to be collected and to which impact category the
data belongs; and the confirmation of all stakeholders involved in life cycle of products and
the types of comments needed.

The final aim of an S-LCA is to accelerate the development of social conditions and social
economic performance of products in the whole life cycle for stakeholders. Another potential
purpose (promoting the improvement of social economic conditions, encouraging stake-
holders and decision-makers, having conversations with government officials) of using
S-LCA is also very important, and it also should encourage stakeholders to participate in
the process of goal and scope definition.

5.4.3.2 Impact assessment

The social life cycle impact assessment (S-LCIA) is the third phase of an S-LCA. The pur-
pose of the S-LCIA is to integrate the inventory data into sub classification and classification,
and to help to understand the magnitude and significance of the data collected from the stage
of inventory analysis by using extraneous information (Benoı̂t et al., 2009).

The phases of the S-LCIA consist of three mandatory steps, put forward by ISO 14044
(2006) and aim at LCIA. The inventory data can be traced by the related social relationship
and the social economic impact can be defined. The three steps are: choose impact classifica-
tion, characterization methods, and characterization models (classification); associate the in-
ventory data with the specific subclassification and impact classification of S-LCIA; and
confirm the result of computational subclassification indexes (characterization) (ISO, 2006c).

(1) Choice of impact classification, subclassification, and characterization models. The choice
(impact classification, subclassification, and characterization models) should be kept
consistent with the objective and scope of the research. The impact classification is the
logical collection of the S-LCA results, related to the social interests of the stakeholders
and the decision-makers. In LCA, two kinds of impact classification have been defined,
which are end-point form and mid-point form. The end-point form seeks for
environmental damage on behalf of the field of protection (such as biology, natural
environment, or human health); the aim of the mid-point form is the environmental
problems among the inventory and the field of protection (Anon, 1993). The impact
assessment shows the causal chain flowing from the inventory to the mid-point indicator,
and evaluates the final result by extending the causal model.

Similar to an LCA, there are two social impact categories put forward in an S-LCA. The
first category integrates the results of the subclassifications into the interest subjects
corresponding to stakeholders (like government); the other category presents the
modulization of the results of the subclassification, and also has the causal relationship
according to the criterion’s definition (like health and safety).

(2) Classification. This step distributes the inventory results to the specific stakeholder
categories or the impact categories.

(3) Characterization. The computation of the categories results is included in this section. The
ISO 14044 describes the process. The computation of the indicator results
(characterization) includes transformation with LCI results and general units, and the
results after transforming has also be integrated in the same impact categories (Guin�ee

1135.4 The social assessment—S-LCA



et al., 2011). The characteristic factors are used in this kind of transformation. The
computational result can be expressed by a numerical indicator.

In S-LCIA, the characteristic models under the social and economic influencing mecha-
nisms can’t always be operated in mathematics. It may be a logical integration step, and
aggregates words or inventory information into a single concept, and can also merge the
quantitative social and sociometric inventory data into one category. The characteristic model
can also be more complex, which includes the use of additional information (like
performance-related points). According to international conventions or the best practice,
the performance-related points may be set threshold value. It also needs to be transparent
and to be recorded.

There is one important difference between LCA and S-LCA. In LCA, the characteristic
model is the product of the inventory data and the characteristic factors are defined on the
basis of environmental science; but when evaluating society (qualitatively or quantification-
ally), a points system, on the basis of the performance-related points, is needed to help eval-
uate meaning of the inventory data, which is an estimate about impact. Contrary to LCA, the
grading and weighting steps of S-LCA may not proceed in characterization step, and the
attention is needed that themodel and standard of defining characteristic factors, whichmust
be defined and transparent well, in S-LCIA stage. The same goes for the grading and
weighting system.

5.4.3.3 Inventory analysis

The inventory analysis is a phase to process to collect data, buildmodels and gain social life
cycle inventory in a S-LCA. In this phase, the related data will be collected to prioritize data,
evaluate hot spots, evaluate fixed-point, and assess impact (characterization). In this phase,
the data needs to be verified and the system boundary should be confirmed. Then, the data
will be related to functional units and integrated according to different situations.

On the basis of the research target and the definition of scope, the inventory analysis can be
started initially. The specific steps can be shown as follows (Benoı̂t et al., 2009):

(1) data collection (filter, prioritize and evaluate hot spot);
(2) data collection preparation;
(3) collect the key data;
(4) characterize;
(5) data validation;
(6) association of data and unit process;
(7) extract the boundary system; and
(8) data consolidation.

The most time-consuming stage is to collect the specific data, which will be used to verify
how the organization connects with the production in social and economic aspects. Under
ideal conditions, the fixed-point analysis can be finished by accessing the organization, which
supplies meaningful input in product process unit. However, though the supply chain is lim-
ited, the cost of data collection will be too high and it will also take too much time, which will
be impractical. So, it has important meaning for an S-LCA to prioritize the data and predict
the significance in the whole process of production.
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Random sampling method will be used to reduce the quantity of survey respondents, but
the risk of serious problems may be ignored. So, a kind of system with cost-effectiveness, (in-
cluding hotspots assessment, desktop screening, and limited focus) becomes a feasible
option. The data priorities play an important role in a S-LCA. The second step of data collec-
tion usually includes the general analysis of social problem of the area, which is themaximum
input source in life cycle of a product. Finally, people can get more accurate evaluation com-
bined the regional information and the industry-level data.

5.4.3.4 Interpretation

The interpretation is a process of evaluating results whose purpose is to draw a conclusion.
In order to keep consistent with the target and scope of the research, this stage has some spe-
cific purposes: analyze results, obtain conclusions, explain the limitation of the research, offer
suggestions, and give a report. There are three main steps defined in ISO 14044 (ISO, 2006c):
the first step, recognition of the key problems; the second step, the evaluation of the research
(include consideration of globality and consistency); the third step, conclusion, suggestion,
and report.

An integrated S-LCA evaluation should also include the content of these four main steps:

(1) Recognition of the key problems. The important points of S-LCA are the key social survey
results and choices of research methods, which include recognition of core concerns and
limitations and assumptions in study; for example, the focus of general evaluationmay be
a social hot spot, an important inexpectant impact, which is beneficial to society, or a
human rights violation discovery in a unit process. In addition, the choice of system
boundary and its level of details (each process from the general to the fixed point, then to
the product system) are particularly important.

(2) The evaluation of the research. A series of quantitative, half-quantitative, and qualitative
methods will be used to evaluate. Some key requirements in the evaluation process
include the critical review, the files of the process of evaluation, the action steps ensuring
transparency, and the verifiability. The evaluation of the research has two basic
requirements (Benoı̂t et al., 2009), which are integrality and consistency.

The integrality evaluation aims at evaluating whether all of the associated important
problems have been studied and all necessary data have been collected, or not. It includes
the evaluation of the indicators used to gain conclusion and the data gaps.

The consistency evaluation aims to verify the model of the goal and the scope on the
basis of initial definition, and verify the correctness of the choice of methodology.

(3) Conclusion, suggestion, and report. The conclusion and the suggestion should be
presented in accordance with the goal and the scope of the research. It should put forward
a preliminary conclusion and verify whether the conclusion is consistent with the demand
of the research or not. If not, the initial steps need to be changed, and, if consistent, the
report of the conclusion could start. The report should be absolutely transparent, which
means that all the assumptions, the fundamental principles, and the choices should be
explained. The suggestion is a way to express the choice of action and the conclusion can
be put forward by different ways, according to intended audience and ability to support
the conclusion. In order to analyze easily, the conclusion can be expressed by the
following forms (Benoı̂t et al., 2009):

1155.4 The social assessment—S-LCA



a. high level risks/hot spots/influences in each stages of the life cycle, positively or
negatively;

b. the most likely hot spots/influences in the life cycle; and
c. the recognition of the hot spots/influences related to stakeholders.

(4) Participation of stakeholders. It is very important of the participation of stakeholders in
S-LCA reports, especially in a specific case.

5.4.4 The similarities and differences between S-LCA and LCA

According to Section 5.4.2, the development of S-LCA is based on the evaluationmethod of
LCA. So there are many similarities between S-LCA and LCA. However, some traditional
methods of LCA can’t apply to S-LCA, because of the complexity and diversity of social im-
pact. So, some changes of theory andmethodmust be taken, according to the actual situation.
The similarities and differences between S-LCA and LCA will be shown in this section. The
similarities between the two are as follows:

(1) Use the same ISO technical framework (goal and scope definition, inventory analysis, and
impact assessment), though several steps of S-LCA have some differences.

(2) Heavy demand for data.
(3) Proceed in an iterative manner.
(4) Need peer review when preparing for communicating with public or comparing.
(5) Provide useful information for decision-makers.
(6) Purpose is not to determine whether a product should be produced or not.
(7) Have the same effect to evaluate a hot topic.
(8) Give no expression of the impact of functional units when using semiquantitative or

qualitative data.

Although S-LCA and LCA have many similarities (the same technical framework), there
are still some differences among them. The most significant difference is that the focus points
of them are different. The focus of an LCA is environmental impact assessment, while the
focus of an S-LCA is on the social economic aspect. Where the LCA places emphasis on
collecting the physical quantitative data of products and others (production/use/abandon-
ment related), the S-LCA will collect organizational additional information in supply chain.
The differences between LCA and S-LCA are shown in Table 5.2.

5.5 The sustainability assessment—LCSA

5.5.1 Theory and practice

According to UNEP/SETAC, the life cycle sustainability assessment (LCSA) will evaluate
the environmental, economic, and social impacts of a product (or a craft, or an activity) in its
whole life cycle. The evaluation results will be used in the decision-making process. Kl€oepffer
integrated three life cycle assessment methods into a unified framework, which becomes the
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LCSA thought (Kloepffer, 2008). The expression of the LCSA raised by Finkbeiner et al. can be
expressed as (Traverso et al., 2012):

LCSA¼E�LCA+LCC+S�LCA

where the E-LCA is environmental life cycle assessment (this can also be called LCA directly),
the LCC is the life cycle cost, and the S-LCA is the social life cycle assessment.

The concept of sustainability assessment of a product can be described by three methods
entirely. Fig. 5.6 shows the system boundary of an LCSA (Traverso et al., 2012).

Because of the differences between the LCA, the LCC, and the S-LCA in system boundary,
data inventory, and evaluation indicator aspects, the research of the LCSA faces many diffi-
culties (Kloepffer, 2008; Traverso et al., 2012). Therefore, the theory and models still have no
definite standard, and the application of the LCSA is also not common. In the past, the LCSA
has been expressed by the integration of three or two life cycle assessment methods. The
research of two LCA methods integration is more usual (Swarr et al., 2011; Hoogmartens
et al., 2014; Chiesa et al., 2016; Mistry et al., 2016; Norris, 2001; Lindahl et al., 2014), while
the research of three methods integration is less (Neugebauer et al., 2015; Hake et al., 2017;

TABLE 5.2 Differences between LCA and S-LCA.

Phases Characteristics

Goal and scope
definition

The description of product use is needed in both the two methods, but the S-LCA requires
participators to take use stage and function into consideration

Connect with stakeholders is encouraged by LCA in preliminary studies, while the S-LCA
encourages to connect exterior stakeholders and providing impact input

In the S-LCA, when the subtype is not included in studying, the reasons are needed.
However, it is not needed in the LCA

In the S-LCA, the classification of subtypes is on the basis of the types of stakeholders and
impact, while in the LCA, it is only on the basis of the types of impact

It is more geographically specific in the S-LCA than it in the LCA

Inventory analysis It is more frequent to collect and apply activity variable data in S-LCA

The subjective data ismore suitable for S-LCA, but sometimes itmay cause lots of uncertainty

There are several differences between quantitative, qualitative, and half-quantitative data

The sources of data are different

It has many steps and methods to collect data

Impact assessment The characteristic model of the S-LCA is different

The use of performance parameter points of S-LCA is special

The S-LCA may both have positive and negative influence, but the LCA has rarely positive
influence

Interpretation The significant problems are different

The additional information of mutual constraint relation of stakeholders in the S-LCA
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Kl€opffer, 2003). A lot of discussion about the LCSA is still underway (Luu and Halog, 2016a;
Martı́nez-Blanco et al., 2014; Zamagni et al., 2013; Vahdat Aboueshagh et al., 2014).

There are several typical applications of LCSA. Luu and Halog (2016b) compared the life
cycle sustainability of biomass (i.e., rice hull) power and coal power. The result shows that the
biomass power is much better than the coal power in the sustainability of environment and
cost, but the indicator of the human health of the social impact aspect is a little behind.
Foolmaun and Ramjeawon (2013) compared the life cycle sustainability of four kinds of
methods to deal with PET container bottles. Huang and Mauerhofer (2016) evaluated the life
cycle sustainability of the ground source heat pump. Schau et al. (2012) evaluated the life cycle
sustainability of product remanufacturing. Atilgan and Azapagic (2016) carried out the life
cycle sustainability for Turkey’s electricity and raised a series of sustainability indicators.

In recent years, for example, many scholars have used the LCSA theory into the
remanufacturing field. Warsen et al. (2011) compared the environmental impacts of
the manufacturing and remanufacturing process of manual transmissions, which returned
the result that the improvement of the environment of remanufacturing the transmissions
profits from dramatically decreasing the consumption of material and resource. Charles
et al. (2010) used LCSAmethods to evaluate the remanufacturing and themanufacturing pro-
cess of telecommunication equipment in its whole life cycle. The result proved that the
remanufacturing process is better than the manufacturing process in environmental aspects.
Liu et al. (2014) studied the environmental impact of remanufacturing diesel engines on the
basis of the LCA. Shi et al. (2015) studied the environmental impact of remanufacturing liq-
uefied natural gas engines, which has been compared with the remanufacturing of diesel en-
gines. Peng et al. (2016) studied the environmental emission of several kinds of

FIG. 5.6 LCSA system boundary.
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remanufacturing cleaning technologies, on the basis of the LCA theory, and the levels of the
environmental emission of these technologies have been compared. Wilson et al. (2014) used
the LCA theory to study the validity and the potential range of application of laser cladding
technology. Additionally, Fatimah and Biswas (2016) evaluated the sustainability of com-
puter products. Amaya et al. (2010) evaluated the environmental impact of truck fuel
injectors.

5.5.2 The existing problems

Scholars have conducted a great deal of research on the LCSA theory. Though abundant
achievements have been gained, it is still necessary to continue studying. At present, the re-
search on LCSA focuses on the traditional LCA (E-LCA) and LCC methods, in theory or ap-
plication aspects. The LCA reflects the impacts on ecological environment, human health,
resources, and energy consumption respects, while the LCC offers the approach to integrate
the cost of economy and environment into the life cycle framework. However, a product or a
system will influence not only the ecological environment but also the social environment.
With the deepening and development of research, many scholars gradually realized that it
is necessary to development the life cycle tools to solve the social problems.

UNET/SETAC found the key problems in the practice of the LCA. There are many diffi-
culties when implementing the life cycle assessment in developing countries. The profes-
sional knowledge and data are in short supply, and the LCA cannot participate directly in
solving the problems, such as eradicating poverty, getting a job, fair treatment, and other so-
cial problems. When the LCA, LCC, and S-LCA are separated, the practicability of the LCA
will be limited and it is impossible to provide complete information to the decision-makers
from the view of sustainable development. So, it is significant to carry out the S-LCA in life
and production.

5.6 Conclusion

This chapter introduced the origin, classification, framework, and application of life cycle
sustainable assessment (LCSA), and made a detailed introduction to LCSA, including LCA,
LCC, and S-LCA as the three main aspects.

LCA (E-LCA) is an environmental evaluation method, aiming at analyzing the impact of
product, system, and activities on the environment. LCA is the earliest application field of life
cycle theory. From early evaluation of Coca-Cola bottles to the evaluation of all industries at
the present stages, the LCA is reaching maturity and plays an important role in environmen-
tal evaluation.

LCC is the concrete application in the economic field, which abandons the traditional
method that aims at minimizing the acquisition expenses. The LCC is a breakthrough for
making cost decisions. The stakeholders are required to take the whole situation into account
and plan accordingly from macroscopic points of view. The long-term benefits are taken into
consideration.
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LCA and LCC are not enough to achieve the whole sustainable evaluation. In order to
make evaluation complete, S-LCA comes up. The evaluation target of an S-LCA is the impact
of the social relation combined with material activities and the activities taken by stake-
holders, which is the further development of the LCSA.
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Martı́nez-Blanco, J., Lehmann, A., Muñoz, P., Antón, A., Traverso, M., Rieradevall, J., Finkbeiner, M., 2014. Applica-
tion challenges for the social life cycle assessment of fertilizers within life cycle sustainability assessment. J. Clean.
Prod. 69, 34–48.

Mathe, S., 2014. Integrating participatory approaches into social life cycle assessment: the SLCA participatory ap-
proach. Int. J. Life Cycle Assess. 19, 1506–1514.

Mihelcic, J.R., Crittenden, J.C., Small, M.J., Shonnard, D.R., Hokanson, D.R., Zhang, Q., Chen, H., Sorby, S.A.,
James, V.U., Sutherland, J.W., Schnoor, J.L., 2003. Sustainability science and engineering: the emergence of a
new metadiscipline. Environ. Sci. Technol. 37, 5314–5324.

Ministry of Housing, 2000. Spatial Planning and the Environment. In: Eco-Indicator 99 Manual for Designers:
A Damage Oriented Method for Life Cycle Assessment.

Mistry, M., Koffler, C., Wong, S., 2016. LCA and LCC of the world’s longest pier: a case study on nickel-containing
stainless steel rebar. Int. J. Life Cycle Assess. 21, 1637–1644.

Nemecek, T., Dubois, D., Huguenin-Elie, O., Gaillard, G., 2011. Life cycle assessment of Swiss farming systems: I.
Integrated and organic farming. Agr. Syst. 104, 217–232.

Neugebauer, S., Martinez-Blanco, J., Scheumann, R., Finkbeiner, M., 2015. Enhancing the practical implementation of
life cycle sustainability assessment—proposal of a Tiered approach. J. Clean. Prod. 102, 165–176.

Norris, G.A., 2001. Integrating economic analysis into LCA. Environ. Quality Manage. 10, 59–64.
Norris, G.A., 2006. Social impacts in product life cycles—towards life cycle attribute assessment. Int. J. Life Cycle As-

sess. 11, 97–104.
Owens, J.W., 1996. LCA impact assessment categories. Int. J. Life Cycle Assess. 1, 151–158.
Park, K., Hwang, Y., Seo, S., Seo, H., 2003. Quantitative assessment of environmental impacts on life cycle of high-

ways. J. Constr. Eng. M 129, 31.
Pehnt, M., 2006. Dynamic life cycle assessment (LCA) of renewable energy technologies. Renew. Energ. 31, 55–71.
Pe-International, 2014.
Peng, S., Li, T., Tang, Z., Shi, J., Zhang, H., 2016. Comparative life cycle assessment of remanufacturing cleaning tech-

nologies. J. Clean. Prod. 137, 475–489.
Perugini, F., Mastellone, M.L., Arena, U., 2004. Environmental aspects of mechanical recycling of PE and PET: a life

cycle assessment study. Prog. Rubber Plast. Recy. Technol. 20, 69–84.
Politano, D., Frohlich, K., 2006. Calculation of stress-dependent life cycle costs of a substation subsystem—

demonstrated for controlled energization of unloaded power transformers. IEEE Tran. Power Deliver.
21, 2032–2038.

PR�e-Consultants, 2014.
Rafaschieri, A., Rapaccini, M., Manfrida, G., 1999. Life cycle assessment of electricity production from poplar energy

crops compared with conventional fossil fuels. Energ. Convers. Manage. 40, 1477–1493.
Rebitzer, G., Ekvall, T., Frischknecht, R., Hunkeler, D., Norris, G., Rydberg, T., Schmidt, W.P., Suh, S., Weidema, B.P.,

Pennington, D.W., 2004. Life cycle assessment: Part 1: framework, goal and scope definition, inventory analysis,
and applications. Environ. Int. 30, 701–720.
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6.1 Introduction

In various production activities, the construction and operation of buildings have an im-
portant impact on energy consumption and environmental damage (Birch, 2014). Research
shows that the energy consumption of building activities accounts for more than 50% of
the world’s total energy consumption, and around 40% of the total energy consumption in
both the United States and the European Union (Sun et al., 2017). Since the reform and open-
ing up 40years ago, China’s economy has developed rapidly and has become the second larg-
est in the world. With the rapid development of the economy, the proportion of the
construction industry in the national economy is getting higher. China’s building materials
consume more than 5 billion tons of clay, limestone, and sandstone resources each year, con-
suming 230 million tons of standard coal energy (Xie and Yan, 2015). The production and
transportation of building materials, the manufacture of building components, the construc-
tion, operation, and demolition of buildings, and other processes will bring many environ-
mental problems. At present, building life cycle assessment (LCA) has become a common
tool in the building sector to evaluate and contribute to sustainable building development
(Khasreen et al., 2009a).

Regarding the environmental impact assessment of buildings materials, multiple studies
have quantified energy consumption during the building production process and assessed
corresponding greenhouse gas (GHG) emissions (Hong et al., 2014; Ng et al., 2013; Estokova
and Porhinc ´ǎk, 2012). Huang et al. (2015) andHong et al. (2016a) usedmaterial flow analysis
(MFA)models to calculatematerial stock of urban infrastructure materials, and predict build-
ing material stock in China from 2010 to 2050 (Huang et al., 2015; Hong et al., 2016a).
Tanikawa et al. (2015) used 4D GIS technology to investigate and analyze the consumption
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of building materials and the impact of building environment in Japan. Based on the input-
output life cycle assessment (IOLCA) method, Chang et al. (2016) assessed the overall energy
consumption of China’s construction industry and the emission of environmental pollutants
such as CO2 and NOx. He et al. (2013) evaluated the impact of China’s urban residential ma-
terialization environment in 2010 based on the LCA method, and used the scenario analysis
method to explore the environmental emissions of urban residential buildings in China
in 2020.

6.2 Life cycle of building materials

Based on previous studies, buildings may be classified as residential or nonresidential in
accordance with the Chinese statistical yearbooks (NBSC (National Bureau of Statistics of
China), 2001-2016). There are seven types of nonresidential buildings: office, education
and cultural, research, plant andwarehouse, commercial, healthcare andmedicine, and other
buildings. The key building material categories are identified as steel, concrete, cement (for
nonconcrete uses, i.e., plaster and mortar), wood, brick, sand (nonconcrete use), gravel
(nonconcrete use), limestone, glass, and ceramic tiles (Hong et al., 2016b; Huang et al., 2017a).

The whole life cycle of product is always a dynamic and comprehensive process. The life
cycle of a building includes the acquisition of raw materials, the processing and manufactur-
ing of building materials, the production of building components, the construction of build-
ings, the use of operations, and the entire process of demolition. As shown in Fig. 6.1. As for
the building materials, the main life cycle processes are acquisition and processing of raw
materials, processing of building components, and disposal after demolition.

6.3 Green building materials

The concept of “green materials” was first proposed by the international society for mate-
rials science in 1988. Yamamoto put forward the concept of “eco-environmental materials” in
1990 (Wang and Bao, 2015). In 1999, the first Chinese national green building materials

Raw material
production

Material
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construction

Use and
maintenance

Recycling

Landfill

Demolition
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FIG. 6.1 Life cycle processes of buildings.
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development and application conference put forward the definition of green building mate-
rials, pointing out that these materials should adopt cleaner production technology. Com-
pared with traditional building materials, green building materials should be cleaner in
the production, construction, use, and dismantling processes.

Green building materials can vary in types and functions. However, in the selection of
green building materials, the characteristics and construction environment of buildings
should be fully considered. In the process of traditional building construction, a large amount
of dust will be generated, causing serious environmental pollution problems, and its input
cost is large. Compared with traditional building materials, green building materials have
obvious advantages in terms of service performance and economic benefits.

Nowadays, resources are increasingly scarce and sustainable development has strategic
significance. Green building materials are in line with the strategic planning for sustainable
development (Chen, 2019). In order to enhance people’s awareness of building environmental
protection, China has been increasing the implementation of green building projects, the pur-
pose of which is to encourage residents to actively use environmentally friendly buildingma-
terials, to build a harmonious green home. In addition, China also actively encourages
relevant personnel to continuously develop more environment-friendly building materials,
and continuously increase environmental protection efforts to promote the healthy develop-
ment of China’s environment (Cheng and Li, 2019).

At present, environmentally friendly building materials have been recognized by more
and more residents. The development of environment-friendly building materials plays a
great role in actively advocating environmental protection for the country.

6.3.1 Life cycle assessment of building materials

6.3.1.1 Methodology

Life cycle assessment is an important application of life cycle thinking in the field of envi-
ronmental protection. It is used to explore the energy consumption of buildings and their en-
vironmental impacts. There is a relevant definition of life cycle assessment in the world,
pointing out that it is a method of objectively evaluating the environmental load of a product,
activity, or process. According to the LCAmethodology framework proposed by the Interna-
tional Society of Environmental Toxicology and Chemistry (SETAC) in 1993, its basic struc-
ture is divided into four organic parts: the setting of evaluation purpose and investigation
scope (ISO14041), inventory analysis (ISO14041), life cycle impact assessment (ISO14042),
and result analysis (ISO14043) (ISO, 2006).

Surveys are usually carried out to collect necessary data and information for life cycle as-
sessment. The scope of a building’s survey includes building functions, building area, year of
assessment, building structure, recycling of building materials, and use of construction
equipment. The survey of basic building data also includes energy consumption for construc-
tion equipment and a list of released gases. Based on life cycle thinking, inventory analysis is a
process of data collection for environmental load of the system based onmaterial balance and
energy balance. The analysis of building materials inventory should be collected from seven
phases, including design, construction, replacement, energy consumption, maintenance and
management, repair and renewal, and disposal phase (Xiong and Deng, 2016). Impact
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assessment is a process of categorizing environmental impacts and characterization and
quantifying their potential environmental impacts based on inventory analysis. The resource
input, renew cycle, renew times, energy consumption, and material recycling rate per unit
area of each stage shall be displayed in detail to provide data support for subsequent envi-
ronmental impact assessment.

The environmental impact assessment of buildings mainly combines the recycling of
resources, and analyzes the input of raw resources, the amount of recycled resources, the
amount of waste materials andwaste generated, and the final treatment volume at each stage.
There are usually three steps to evaluate the environmental impact burden of building ma-
terials: (1) classify buildings and building materials into types; (2) calculate the annual build-
ing material use; and (3) estimate environmental impacts associated with building materials
production (Huang et al., 2018a). Furthermore, resource life cycle reduction (LCR) and ma-
terial life cycle waste (LCW) evaluation are the final step of life cycle assessment for building
materials. The evaluation method is as follows: comparing the results of the building envi-
ronmental impact with the benchmark case, comprehensively analyzing the difference
between the evaluation case and the reference case in the materials input, waste generation
and other items, thereby calculating the corresponding reduction rate or increase rate (Yi and
De, 2005).

In our previous research (Huang et al., 2018a), we have tried to answer the following
research questions: (1) What kinds, how much, and in which building types have building
materials been used in recent years in China, andwhat are their development trends? (2)What
are the primary environmental impacts caused by producing these building materials?
(3) What is the spatial distribution of the key embodied environmental impacts? In addition
to the nationwide time series of 16years, we also explored the variation of material use and
associated environmental impact across different provinces of Mainland China. The research
method uses the three steps mentioned above: (1) classify buildings and building materials
into types; (2) calculate the annual building material use from 2000 to 2015; and (3) estimate
environmental impacts associated with building materials production.

Environmental impacts per kg of buildingmaterial (Ek) are evaluated by applying themid-
point parameters of the ReCiPe 2016 H method, which is a commonly used life cycle impact
assessment method with the most up to date environmental impact indicators and normal-
ization values (Huijbregts et al., 2016). Moreover, the ReCiPe method covers China with its
global scope impact mechanism.

In addition to the evaluation of environmental impact per kg of building material (Ek),
we also should analyze environmental impact considering the annual material use amount
(Ev). This is important because materials are used in different amounts for specific buildings,
and it is quite possible that materials with higher per-mass environmental burden are con-
sumed at lower rates and vice versa. Ev was calculated according to:

Evti,x ¼MUt
i �Eki,x

where Evi,x
t is the total magnitude of environmental impact x formaterial i in year t from all

construction, summed for the eight building types j; Eki, j,x is the per-kg environmental
impact x of material i in building type j; and MUi

t,k is the annual use of material i of year t
in province k.
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We carried out environmental impact characterization and normalization on the midpoint
level (Strauss et al., 2006; Bueno et al., 2016), to compare the contribution of buildingmaterials
to the total global impacts in different impact categories. In normalization, the characterized
results of each impact category are divided by a selected reference value, which brings all the
results to the same scale. Such normalization facilitates the interpretation of the results and
helps us link the relative contributions of each building material to each type of environmen-
tal impact.

6.3.1.2 Results

Existing researches show that around the world, 20% of the building life cycle energy con-
sumption and environmental impacts are from the building materials (Adalberth, 1997).
The environmental impact of building materialization on the environment includes 15 envi-
ronmental impact categories such as climate change, surface acidification, the formation of
photochemical oxidants, particulates, ozone depletion, ionizing radiation, eutrophication
of fresh water, ocean eutrophication, human toxicity, freshwater, marine ecological toxicity,
land ecological toxicity, fossil fuel consumption, and the loss of metal (Huang et al., 2017b).
The main impacts of the built environment are water consumption, metal pollution, and
global warming (Minho et al., 2015; Li et al., 2016).

In our analysis targeting China as a case study, we found that 2 billion tons of building
materials were used in China in 2000; this increased to 10 billion tons by 2014 (Fig. 6.2).
The key building materials were concrete, sand, and gravel, followed by bricks, and cement
for nonconcrete applications. Steel, limestone, and wood were used in relatively lower
quantities.

Our environmental impact assessment result show that steel, lime, glass, wood, and
cement have comparatively higher environmental impacts per kg (Ek) than the other mate-
rials. Scaling up the ReCiPe environmental impacts from 1kg to annual use amounts (Ev),
we aggregate the contribution of each material to every impact category. The environmental
impact indicators associated with the production of building material used in China in 2015

FIG. 6.2 Annual use of building materials for newly constructed buildings, 2000–15 (bar plot, left-hand axis) and
annual growth rate of building material use (line plot, right-hand axis) (Huang et al., 2018a).
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are illustrated in Fig. 6.3 (the 13 highest of the 18 environmental indicators are presented).
Overall, the most severe environmental impacts are found to be human toxicity, fossil fuel
depletion, global warming, and metal depletion, emphasizing that greenhouse gas emissions
should not be the sole focus of research on environmental impacts of building materials.

In general, cement, steel, concrete, and bricks are the key contributors to the environmental
impacts of building materials. The contributions of some materials are due to their high use
(e.g., concrete, sand, gravel, and brick). Other materials have disproportionate contribution to
various impacts despite their comparatively low use by mass (cf. Fig. 6.2). Steel is the most
prominent example, but also lime, glass, and wood. Cement stands out as a material whose
high contribution to impacts is a combination of both high usage and high impacts per kg.

Tracing the sources of these key environmental indicators, human toxicity is primarily
caused by heavy metals (including arsenic, cadmium, zinc, lead, etc. (Huijbregts et al.,
2000)) emitted in the mining and manufacturing processes of cement, concrete, and bricks.
Fossil depletion is mainly caused by the large demand for coal, petroleum, electricity, and
natural gas in the manufacturing process of steel, brick, gravel, and cement. The largest con-
tributions to global warming come from steel and cement production and each account for
around 25% of total impact from building materials (Fig. 6.4).

Global warming burdens originate in the large energy consumption during the production
processes of steel, cement, and concrete (Guo et al., 2016; You et al., 2011; Dodoo et al., 2009)
and in the chemical reactions of clinker production for cement manufacture (Y€ucel, 2013).
Thus, reducing the energy use and using less CO2-intensive energy sources in steel and lime
production are presumably the most effective approaches. Whereas in the case of concrete,
gravel, and bricks, the focus should be on reducing consumption or looking for substitute
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FIG. 6.3 Environmental impact indicators associated with the production of building material used in 2015, using
the ReCiPe method, normalized to global indicators in 2000 (Nv, cf. Eq. 2) (Huang et al., 2018a).
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materials with lower GHG burden such as hollow concrete blocks, stabilized soil blocks, or fly
ash (Huberman and Pearlmutter, 2008).

Previous studies often analyzed the impacts of individual building materials or the mag-
nitudes of consumption, but rarely combined both. The research results of our research group
indicate that building materials with high environmental impacts per kg in China are steel,
lime, glass, wood, and cement, consistent with international studies (Thormark, 2006;
Khasreen et al., 2009b; Chau et al., 2015). Our research approach enables to identify the
contribution of specific impact and to see whether it is from a material’s per-unit associated
impact or from the magnitude of usage. Our results indicate that although steel, cement, and
concrete are key contributing materials for the estimated impacts and have similar magni-
tudes of Ev, the origin of each impact is different and thus also the potential measures to
reduce impacts. Concrete’s impact per kg (Ek) is relatively low and the magnitude of impacts
is mostly from the sheer amount used. In comparison, steel’s high impacts are due to its high
per-kg impacts rather than the masses used. Cement’s contributions to impacts are a combi-
nation of both the scale of use and the per-kg associated impacts.

Based on the findings and the fact that GHG emission burdens are currently the only en-
vironmental indicator for evaluating green building material products in the current certifi-
cation program, other key environmental indicators such as human toxicity and fossil
depletion are highly recommended to be included in the certification system. Policy strategies
such as green building materials certification programs should be given attention and
reinforced to promote the cleaner production for building materials, since currently the pro-
gram covers only concrete, glass, and ceramic tile, and is in the initial stage of implementation
in China (MIIT, n.d.). Extended producer responsibility may also be an option for the high
recycling potential materials such as concrete, steel, and wood (Guggemos and Horvath,
2003). Holding building material producers responsible for managing certain building waste
encouragesmanufacturers to designmore environmentally friendly and recyclablematerials.
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FIG. 6.4 Share of global warming impacts from build-
ing material use in China in 2015 (Huang et al., 2018a).
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6.3.2 Application of green building materials

The selection of materials for green buildings not only needs to consider the resource con-
sumption and environmental emissions in the process related tomaterial production, but also
needs to consider the performance of materials in the specific building structure, both of
which are indispensable.

At present, a variety of green building materials have been developed globally, and these
have been widely used in the application process. Insulating glass is a new kind of green
building material invented in the United States. It not only has the characteristics of adequate
quality, low energy consumption, but also has the advantages of high intensity and high den-
sity. In practical green building applications, the use of insulating glass not only meets the
actual requirements of green building materials, but also plays a very good role in promoting
green city construction (Tang, 2016).

Domestic study found that, the annual average environmental impact on building win-
dows, recycled wood-plastic composite windows, and wood-plastic composite windows is
lower—about 23% lower than aluminum alloy windows. Using green materials to reduce
the heat transfer coefficient of building windows is an effective way to improve the environ-
mental protection performance of building windows in its whole life cycle (Liu and
Zhang, 2016).

The materials for door and window design in China have gradually emerged as new
energy-saving materials such as unplasticized polyvinyl chloride (UPVC) plastics and alumi-
num alloy heat-insulation; this not only improves the thermal insulation performance of
doors and windows, but also improves the sealing performance (Tang, 2014). For building
wall materials, with the same insulation performance, the total environmental impact of aer-
ated concrete blocks is the least, and that of solid clay bricks is the largest, which is more than
three times that of aerated concrete blocks (Liu and Zhang, 2016). Green wallboard can be
made by processing and compressing renewable raw materials. The use of green wallboard
not only reduces air pollution, but also reuses waste products, which greatly saves costs and
reduces pollution. Common green wallboard raw materials include straw, precast concrete,
etc. (Chen, 2018).

The life cycle evaluation method can scientifically and comprehensively evaluate the en-
vironmental impact of the whole life cycle of building materials, and determine which build-
ing materials can obtain the best environmental benefits under the premise of realizing the
same function. The environmental impact analysis of energy-saving buildingmaterials based
on the life cycle assessment method not only contributes to the development of new building
materials, but also provides a powerful method and data support for the selection of green
building materials.

6.4 Recycling of construction and demolition waste

Construction and demolition wastes (CDW) are the status of building materials after the
end life of buildings. CDW could be concrete, steel, wood products, asphalt shingles, and
bricks from building. Old buildings approaching the end of their lives are demolished, pro-
ducing millions of tons of concrete wastes, large quantities of construction products rejected
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for noncompliance with the required specifications, as well as marble deposits provided a
large quantity of aggregates of different sizes induced by fragmentation operations, sawing
of large stones; furthermore, processing plants proliferate a very large quantity of wastes
consisting mainly of powders and sludge (Belachia and Hebhoub, 2018). Most of the CDW
comes from the demolition process while minor portions (around 10%–30%) are generated
during the construction process (EPA, 2018; Ning, 2017). Reducing, reusing, and recycling
of CDW has become an urgent and essential issue, as inappropriate CDW treatment will
cause severe environmental issues and land use threats.

Countries around the world reduce CDW by introducing different legislation and raising
awareness. Japan, Singapore, and some European countries are at the forefront in the treat-
ment and reuse of construction waste. In Japan, there are more than 20 subdivisions of
“construction by-products,” which are scientifically processed according to categories. The
main principle of treating CDW in Japan is to reduce the generation of waste on the construc-
tion site and reuse it as much as possible. Singapore focuses on setting standards for green
buildings to reduce the generation of construction waste from the source. According to the
European Union statistics office, the total amount of waste generated in the European Union
was over 2.5 billion tons, of which almost 860 million tons belonged to construction and de-
molition activities (Bravo et al., 2015). Some European countries have achieved the goal of
70% CDW recycling. Statistics show that the total mass flow of recovered waste accounts
for more than 80% of the total waste generation in member states such as the Netherlands,
Germany, and Denmark (Eurostat, 2017).

Current CDWprocessing and recycling techniques can be considered to be common across
Europe. A common CDW recycling plant usually consists of:

(1) reception, weighing, and visual inspection;
(2) manual preselection (for unsegregated streams), rejection, and diversion to alternative

treatments;
(3) screening of large materials;
(4) magnetic separation;
(5) manual separation of plastic, wood, and other waste streams, if required;
(6) crushing; and
(7) screening and secondary crushing, which is applied depending on the goal product mix

(Gálvez-Martos et al., 2018).

However, in some regions there is a significant amount of illegal dumping and a hetero-
geneous market for secondary materials, which hinders the development of the secondary
materials market.

In order to achieve zero landfill for CDW in the UnitedKingdom, the construction industry
in theUnitedKingdomusually begins to estimate the total life cycle ofwaste production at the
design stage and gives a plan for recycling construction waste. The United Kingdom enacted
specific construction waste management regulations to record the production and type of
construction waste on the construction site in order to achieve the purpose of recycling con-
struction and demolition waste. The UK Government sponsored the Waste Resources Action
Program, which led to a variety of work undertaken to increase recycling for CDW. This
included working with the construction sector to specify higher levels of recycled content,
a major program of assisting companies to reduce CDW to landfill and assisting in financing
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recycling plants. At the same time, the United Kingdom has adopted a landfill tax on con-
struction waste, and the annual landfill tax has gradually increased, which has driven the de-
velopment of CDW recycling technology in the United Kingdom.

In Australia, the largest components of the CDW stream, and the most commonly recycled
materials in Australia are concrete, bricks, asphalt, soil, timber, and ferrous metals, because
they are usually demolished in large quantities and have an existing market for reuse and
recycling (e.g., concrete, bricks, and asphalt), or they have a relatively high commercial value
(e.g., metals) (EPHC, 2010). At the same time, Australia has also enacted some laws and reg-
ulations to strengthen the management and recycling of construction waste.

Japan was the first country in the Asian region to formulate regulations on construction
waste. Through continuous supplementation and improvement, it has formed a legal system
that is in line with its national conditions. Meanwhile, Japan has established a recycling sys-
tem for construction waste, developed classification and treatment technologies, and
implemented a zero emission strategy for construction waste, greatly promoting the recovery
of construction waste, with the recovery rate increasing from 42% in 1995 to 97% in 2011
(Pu and Tang, 2012). In Japan, the utilization rate of waste concrete blocks is high, and it is
generally used as aggregate for asphalt concrete after crushing and separation. For discarded
wood, according to its quality, it can be used as papermaking raw materials, hot pressing
plates, fuels, etc. About 25% of the sludge produced goes to sanitary landfills, 65% inciner-
ated, and only about 9% is used for agriculture (Zhang and Sun, 2018). For waste plastics,
except for a small part of recycling, the rest are incinerated.

The United States is also one of the countries with the highest construction waste produc-
tion. In the United States, 30% of CDWwill be transported to landfills for landfill. In an EPA
report, there is a quick guide to reducing waste from building demolition, allowing construc-
tion waste to be sorted out and recycled. There are also some promotion policies for the
recycling of construction waste in the United States, such as:

(1) the government has clearly stipulated the requirements for recycling of construction
waste, including the requirements and proportions of material recycling, the specific
requirements of green buildings, etc.;

(2) establishing market incentives, including tax relief, recycling subsidies, tax rebates,
etc.; and

(3) providing education to construction companies and the general public to improve
awareness of construction waste recycling.

Most states and local governments in the United States encourage enterprises and the pub-
lic to recycle construction waste. There are also national projects; for example, the US Envi-
ronmental Protection Agency, have created a web page for solid waste disposal to provide
information on the recycling of construction waste in demolition, renovation, and new con-
struction projects to stakeholders.

Currently, China’s recycling of construction waste is based mainly on inert construction
waste. According to the Ministry of Construction in 2003, “urban construction garbage
and waste residue management regulations (revised)” regulation, according to the source
classification, CDW can be divided into land excavation, the excavation of roads, old building
demolition, construction and building materials production, mainly using sediment, crushed
stone, waste mortar, brick and tile fragments, concrete, asphalt, plastic, scrap metal, waste
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wood, etc. Different structures and building construction types generate waste of which the
components are different; the basic composition is classified, mainly by the soil, sediment,
scattered mortar, concrete, carved masonry, and reinforced concrete pile under the concrete
debris heading, piling, scrap metal, waste from bamboo timber, decoration, all kinds of pack-
aging materials, and other wastes, etc.

In recent years, China’s annual CDW emissions are about 1.55 billion tons to 2.4 billion
tons, accounting for about 30%–40% of urban waste, causing a serious ecological crisis. For
a long time, due to the lack of unified and perfect CDW management methods, and the lack
of scientific, effective, economic, and feasible disposal technology, the vast majority of CDW
without any treatment will be shipped to the suburbs for open stacking or simple landfill. In
2017, CDW generated in China was about 2.379 billion tons, among which only 119,000 tons
were recycled. Recycled aggregates are mainly processed from discarded concrete, mortar,
bricks, etc.

The average recovery rate of construction waste in China is around 5%. Based on the lit-
erature review and survey, challenges of CDW management in China were analyzed by
interviews with relevant stakeholders, including researchers, building designers, construc-
tion and demolition company staff, and CDW treatment/recycling company managers
(in total, 40 people). We explored the problems of construction waste management in China
based on the 3R principle of circular economy, and summarized some of the following
existing problems of building recycling in China (Huang et al., 2018b).

• Barriers for Reducing
Lack of design standards for reducing CDW
Low cost for CDW disposal
Inappropriate urban planning

• Barriers for Reusing
Informal collection
Lack of guidance for effective CDW collection and sorting
Lack of standards for reused CDW

• Barriers to Recycling

Ineffective government regulation
Immature recycling technology
Lack of standards for recycled CDW products

Based on these findings, suggestions to promote CDWmanagement based on 3R principle
were proposed. Firstly, effective circular economy models in building and other related in-
dustries should be designed. In order to enforce reduction of CDW, it is necessary to reinforce
the source control. For example, building design and construction stakeholders should sign
an agreement to develop green construction programs in which they jointly manage the
CDW. Enhanced supervision andmanagement is in urgent necessary for implementing reuse
and recycling of CDW. Approaches of this aspect include establishing a coherent “top-down”
regulatory system, carrying out process monitoring of CDW, and implementing strict pun-
ishment for illegal CDW treatment behaviors. Innovative technologies are also essential for
promoting circular economy of CDW. Other than promoting technologies of classification
and separating of CDW, contributions of joint technologies such as precast construction
and BIM should also be explored. Last but not least, government should encourage economic
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incentive measures such as shortening the application period for loan and lowering rent of
land for CDW management businesses. New market modes such as the public-private-
partnership should also be encouraged for relieving the economic pressures for CDW treat-
ment/recycling companies.

It is important to establish an effective circular economymodel for CDW, because recycled
CDW can be utilized not only for the building industry, but also for other industries. As
shown in Fig. 6.5, reducing and reusing CDW should be carried out by stakeholders and pro-
fessionals in building design and construction. For recycling and reusing CDW within the
building industry, waste concrete, bricks, dregs, and mortar can be converted into recycled
materials, such as recycled concrete, lightweight block, and recycled aggregate.

As a global issue, appropriate CDW treatment and reduce, reuse, recycle approaches are
essential for each country. Reasonable CDW treatment based on the 3R principle can enhance
the efficiency for building materials in their life cycle, and accordingly contribute to enhanc-
ing the efficiency of buildings.
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7.1 Introduction

A district heating (DH) system is one of the most important components of city infrastruc-
tures in cold climate areas. In China, the DH area expanded from about 250 million square
meters to more than 2600 million square meters between 1991 and 2006 (Huang, 2011). In
the past 10years, since China has been undergoing a fast urbanization, the total DH demand
has grown even faster. Combined heat and power (CHP), heat only boiler (HOB), and heat
pumps (HPs) are the most popular heat sources in China to satisfy the huge amount of heat
demand. According to Tsinghua University Building Energy Research Center (2014), coal-
fired CHP supplies approximately 48% of the district heat, followed by the coal-fired heat
only boiler that produces about 42% of district heat. Gas-fired heat only boiler takes the third
place with a contribution of nearly 8%; the share from other heating technologies including
heat pump is very small—less than 2%. In China, CHP plants are mainly coal-based and al-
most a half of the total heat is produced by coal-fired HOB. This is mainly because coal is the
primary fuel for DH due to the connatural energy structure (Lin, 2002). More and more DH
systems will be built in the near future, and the DH area will be gradually expanded from
north China to south China, specifically from the extremely cold area and cold area to the
hot summer and cold winter area.

Different DH technologies have different characteristics from the economics, environment,
and energy (3E) points of view, which can reflect the sustainabilities of them; therefore
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choosing the most suitable DH system for a specific area is very important to decision makers
(DMs) andmanagers (Cao, 2002). The evaluation of DH systems is not a single objective prob-
lem; on the contrary, it is a typical multicriteria decision making (MCDM) problem, and the
use of MCDM method in heating ventilating and air conditioning (HVAC) systems are of
more importance ( Jiang et al., 2007). It can help the DMs make more consistent decisions
by considering all important factors, which often include conflicting criteria and usually have
some uncertainties (Troldborg et al., 2014; Shan et al., 2013; Gang et al., 2015).

In this chapter, seven popular DH systems (Wei et al., 2010) are evaluated with more em-
phasis on the uncertainties in criteria performance values (PVs) and the weighting. These DH
systems cover a wide range: (1) coal-fired CHP; (2) gas-fired HOB; (3) oil-fired HOB; (4) coal-
fired HOB; (5) solar energy HP; (6) water source heat pump (WSHP); and (7) ground source
heat pump (GSHP). Most of the data for these DH systems are based on real-life existing DH
installations.

Some previous studies have been carried out to develop multicriteria evaluation methods
for choosing the optimal DH systems or heating technologies from the standpoints of tech-
nology, economy, and environment. Ghafghazi et al. (2010) have done a multicriteria evalu-
ation for choosing the energy sources of a DH system in Vancouver, Canada; possible energy
sources are natural gas, wood pellets, sewer heat, and geothermal heat. The evaluation
criteria are: GHG emissions, particulatematter emissions,maturity of technology, traffic load,
and local source. Kontu et al. (2015) carried out a multicriteria evaluation of heating systems
including many renewable energy forms for a sustainable residential area in southern Fin-
land. In their study, altogether 11 alternative heating systems were evaluated in terms of
15 criteria. The stochastic multicriteria acceptability analysis (SMAA) method was also used
to analyze this problem, but the study did not take into account the uncertainty in weighting.

Soltero et al. (2016) developed a framework to evaluate the potential for natural gas cogen-
eration to reach decarbonization economy in Spain. The evaluation was implemented by en-
vironmental, economic, and regulatory analyses at four levels, including national, regional,
municipality, and district, using a proposed top-down/bottom-up methodology. Li et al.
(2016) evaluated the CCHP systems for hotels, offices, and residential buildings in Dalian,
China, from energetic analysis, economic operation, and environment effect viewpoints.
They use fuzzy optimum selection theory to evaluate the integrated performances of CCHP
systems with various operation strategies, but the uncertainties in weighting the process are
not well defined. The abovementionedmethods worked well in the application-oriented case
studies, but it could be better if uncertainties in criteria and weighting were considered in
their studies.

In general, different kinds of uncertainties in criteria PVs and in subjective judgments
(Zarghami and Szidarovszky, 2009; Durbach and Stewart, 2012) as well as policy and tech-
nology uncertainties (Tylock et al., 2012) are very common and thus should be treated care-
fully. In this study, we adopt the stochastic multicriteria acceptability analysis (SMAA)model
to evaluate the DH systems, because it can handle the uncertainties by using a probability
distribution function (PDF) and a Monte Carlo simulation (Wang and Haves, 2014). More-
over, we also propose to use the “feasible weight space” (FWS) but not a deterministic weight
vector in MCDM, because the weights should indicate all DMs’ preference information
(Wang et al., 2015). In fact, FWS is a union of all weight vectors obtained fromDMs’ judgment
matrices.
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This study develops a more efficient method to the multicriteria decision analysis of
heating, ventilating, and air conditioning systems, and to solve the problems of the uncer-
tainties in criteria PVs and weighting, which were not treated carefully in previous studies.
This paper is organized as following. Firstly, the SMAA models and FWS concept, as well
as the way to handle the uncertainties, are introduced; followed by a case study in China,
where the developed methods are demonstrated with seven candidate DH system options;
finally the conclusion is drawn according to the results and discussion of the study.

7.2 Methods

SMAA is a family of models that encompasses many different variants (Tervonen and
Figueira, 2008). This paper proposes to use SMAA-2 and SMAA-O models to solve the
multicriteria decision making problems that have both quantitative and qualitative criteria
(Lahdelma et al., 2001).

7.2.1 The SMAA-2 model

Let’s take anMCDMproblem, which hasm alternativesA¼{x1, x2, x3,…, xm} and n criteria.
SMAA-2 model assumes that DM’s preference can be expressed by a utility function u(xi,w);
this function calculates the utility value for alternative xi when using weight vector w. We
introduce a rank acceptability index to evaluate each alternative’s acceptability according
to the utility calculation results. A ranking function is defined to determine the ranking se-
quences from the best (1) to the worst (m), as in Lahdelma and Salminen (2001):

rank ξi,wð Þ¼ 1 +
X

k
ρ u ξk,wð Þ> u ξi,wð Þ½ � (7.1)

where ρ(true)¼and ρ(false)¼0, ξ is used to stand for criteria PVs having a stochastic distri-
bution of fX(ξ); similarly w has a stochastic distribution of fW(w). Then the favorable rank
weights, Wi

r(ξ) is defined:

Wr
i ξð Þ¼ w2W : rank ξi,wð Þ¼ rf g, where W¼ w2Rn :wj � 0,

Xn

j¼1
wj ¼ 1

n o
(7.2)

If a weight vector w2Wi
r(ξ), then it makes that alternative xi obtains rank r. Based on this,

the rank acceptability index, bi
r, can be defined as:

bri ¼
ð
X

fX ξð Þ
ð
Wr

i
ξð Þ
fW wð Þdwdξ (7.3)

In fact, bi
r indicates all the different valuations that make alternative xi rank r. It is not pos-

sible to calculate bi
r directly from the integral formula, but it can be calculated by using the

Monte Carlo simulation. From this point of view, rank acceptability also can be explained
as the share (%) of Monte Carlo simulations that make alternative xi rank r. SMAA-2 uses
a holistic acceptability index shown in Eq. (7.4) to consider contributions of all ranks; this
is an improvement compared to the original SMAA model (Lahdelma et al., 1998).

ahi ¼
Xm

r¼1
αbri (7.4)
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where αr are themeta-weights, whichmeans the contribution of each rank acceptability index
to the holistic evaluation. In general, first ranks contribute most and the worst ranks contrib-
ute least to the holistic acceptability index.

The central weight vector, wi
c, can be expressed as in Eq. (7.5).

wc
i ¼

ð
X

fX ξð Þ
ð
W1

i
ξð Þ
fW wð Þwdwdξ

b1i
(7.5)

The central weight vector can be deemed as the best single representation of the preference
from a DM supporting xi. wi

c is actually the average value of the weight vectors that make
alternative i the best.

The confidence factor, pi
c, is the probability that xi ranks first when its central weight vector is

used.That is to say, only the first rankacceptability bi
1 has the confidence factor. It is expressedas:

pci ¼
ð
ξ2X:rank ξ,wc

ið Þ¼1

fX ξð Þdξ (7.6)

The confidence factor is used to evaluate whether the criteria PVs are accurate to differen-
tiate alternatives using the central weight vectors.

In addition, we also can calculate the confidence factors for different alternatives using
each other’s’ central weight vectors, which are called cross confidence factors. Better discrim-
ination capability can be observed based on these cross confidence factors. The cross confi-
dence factor for alternative xi with respect to target alternative xk is defined as:

pcik ¼
ð
ξ2X,b1

k
6¼0:wc

k
2W1

i
ξð Þ
fX ξð Þdξ (7.7)

The cross confidence factor measures the probability that xi will obtain the first rank when
the central weight vector of xk is used. Nonzero cross confidence factors means that the alter-
native xiwill compete for the first rank with the central weight vector of alternative xk and the
competence extent can also be determined. Note that the cross confidence factor pii

c is exactly
the confidence factor pi

c. In all, rank acceptability indices, holistic acceptability indices, central
weight vectors, and confidence factors are used to facilitate the evaluation of DH systems.

7.2.2 The SMAA-O model

The SMAA-O model was developed for problems with ordinal criteria (Lahdelma et al.,
2003). It uses rank level numbers, rj¼1, 2,…, jmax, to sort the alternatives in terms of each cri-
terion. It is clear that 1 is the best and jmax is the worst rank level. In reality, two or more al-
ternatives may be considered equally good; so that jmax�m. In SMAA-O, the ordinal
measurements are mapped into the cardinal values. All consistent mappings between the
ordinal scales and cardinal values are considered. Monte Carlo simulations are used to gen-
erate random cardinal values corresponding to the ordinal values. Let γj be the cardinal
values for rank levels, rj, then the mapping (David and Nagaraja, 2003) is:

γj ¼ vj rj
� �

(7.8)
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The lower the rank is, the better for an alternative; therefore, ν(•) should be a monotone
decreasing mapping. In this study, γj is in the interval [0, 1]. The mapping process is shown
in Fig. 7.1. The sum of the scale intervals can be expressed as:

Xjmax�1

r¼1
Δγj, r ¼

Xjmax�1

r¼1
γj, r + 1�γj, r

� �
¼ 1 (7.9)

Therefore, the problem becomes to simulate all cardinal scales that satisfy:

Γj ¼ Δγj 2Rjmax�1 :Δγj, r > 0,
Xjmax�1

r¼1
Δγj, r ¼ 1

n o
(7.10)

The valid interval space will expand as the mapping numbers (K) increase; this is illus-
trated in Fig. 7.2 for jmax ¼m ¼11. It is clear that the mapping from ordinal scales to cardinal
values can cover more and more interval space with more iterations.

If there is no information about the scale intervals, then we can use a uniform distribution
in the simulation. During the simulation, jmax�2 distinct random numbers will be generated
according to the uniform distribution in [0, 1] and be sorted in decreasing order so that
1¼ γj,1> γj,2>…> γj, j

max ¼0. SMAA-O also has rank acceptability indices, the central weight
vectors, and the confidence factors.

7.2.3 Feasible weight space

Aweight vector is only one point in the weight space, but only one point is not a good rep-
resentation for the preferences of a group of DMs (Liu et al., 2017) in real life. This is why we
propose to use the feasible weight space (FWS) concept. FWS is actually a part of the general
weight space; it assumes randomvariableswith certain probability distributions in the feasible
subspace. Therefore, weight vectors are taken with certain probability distributions from the
FWS in theMonteCarlo simulation.For example, in a three criteriaproblem, thegeneralweight
space can be shown as a plane in Fig. 7.3A; but a possible FWS with interval constraints is
demonstrated as a polygon shaded area shown in Fig. 7.3B. This FWS can be expresses as:

W¼ w2Rn :wj � 0, wmin
j �wj �wmax

j ,
Xn

j¼1
wj ¼ 1

n o
(7.11)

FWS identifies a more accurate subspace than the general weight space and covers. For
group decision making, it is necessary to obtain this subspace to cover all DMs’ preferences.
However, if there are not too many DMs, then we can set an interval for each criterion based
on the calculated weight vector to represent the uncertainties.

Mapping

Ordinal scales

1 2 3 4 5 6 7

Cardinal values

Dgj, r = gj, r +1–Dgj, r
gj, 1 gj, 2 gj, 3 gj, 4 gj, 5 gj, 6 gj, 7 gj, jmax–1 gj, jmax

jmax£ mjmax–1

r = jmax

FIG. 7.1 The mapping from ordinal scales to cardinal values in SMAA-O.
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7.2.4 Handling the uncertainties

A certain probability distribution around the expected values of the criteria PVs is used to
express the uncertainties. The most popular distributions are uniform and normal distribu-
tions (Lahdelma et al., 1998) and the former one is used in this study. The SMAA-O model
already takes into account the uncertainties when simulating the mapping processes; there-
fore, we only focus on how to treat the uncertainties in weighting by taking a 3-criterion ex-
ample. However, the same technique can be used in higher dimensions.
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FIG. 7.2 Variation of Γj mapping ordinal scales onto cardinal values with simulation iterations K from 1 to 1000 in
SMAA-O when jmax ¼ m ¼11 (the straight lines stand for linear mapping) (Wang, 2013). (A) K ¼1, (B) K ¼100,
(C) K ¼500, and (D) K ¼1000.
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If there is no weighting information in the extreme cases, a uniform distribution is
assumed. In 3-criterion case, the FWS is a (n �1)-dimensional simplex. Fig. 7.4 shows the
projection onto w1-w2 plane for the FWS in Fig. 7.3, respectively.

The weight intervals wj 2 [wj
min, wj

max] may come from direct preference statements of the
DMs or from judgments matrices. The intervals can be obtained by restricting the uniform
weight distribution with linear inequality constraints.

(A) (B)

w1

w3

w2

W

w1

w3

w2

W

w1 ≥ w1
min

w1 ≤ w1
max

w2 ≥ w2
min

w3 ≥ w3
min

w2 ≤ w2
max

w3 ≤ w3
max

FIG. 7.3 A deterministic weight vector A in a general weight space of a three criteria case and an FWS with
interval constraints on each criterion. (A) A general 3D weight space and (B) FWS with interval constraints in 3D
weight space.
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FIG. 7.4 Projection ontow1-w2 plane of the FWS shown in Fig. 7.3. (A) a general 3Dweight space and (B) FWSwith
interval constraints in 3D weight space.
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7.3 Results and discussion

7.3.1 The case of seven DH systems in a city of north China

The seven DH systems are planned based on the same DH area in Baoding, a city in the
north of China (Wei et al., 2010). The floor heating area is 251,746m2 with a design heat load
of 16.6MW. Space heating season is 120days a year and the average outdoor air temperature
is �1.6°C. The design indoor and outdoor air temperatures are 18°C and �9°C respectively.
Assume that all DH systems provide the same DH capacity for this area, and then the
properties of economy, environment, and energy for the seven DH systems are shown in
Table 7.1 (Wei et al., 2010).

There are both quantitative and qualitative criteria in Table 7.1. The uncertainty of eco-
nomic indices is assumed as 10% (Hokkanen et al., 2000); because the emission data has large
flexibility, so an uncertainty of�20% is used for the environmental criteria. However, for the
qualitative (ordinal) energy criteria, the uncertainty will be handed by SMAA-O automati-
cally using the Monte Carlo simulation. The uncertainty in weighting is considered by an
FWS in this chapter. The FWS is obtained by giving �50% linear constraints using uniform
distribution (Wang et al., 2015) to each criterion based on the weight vector elicited by Wei
et al. (2010). The FWS can cover more possible preference information, indicated in Fig. 7.5.

7.3.2 Results of stochastic multicriteria acceptability analysis

The criteria PVs of the seven DH systems in Table 7.1 should be normalized first before
being used in SMAA. In this study, we used 100,000 Monte Carlo iterations to calculate
the statistic variables in the simulation (Wang et al., 2016), and this will result in error limits

TABLE 7.1 Properties of the seven DH systems.

Criteria

Coal-fired

CHP

Gas-fired

HOB

Oil-fired

HOB

Coal-fired

HOB

Solar

energy HP WSHP GSHP

Total cost per floor
area (¥/m2)a

26.96 46.85 78.40 32.19 67.88 54.95 62.27

NOx (g/m
2)b 588.0 92.9 116.0 840.0 91.9 78.4 87.8

SO2 (g/m
2)b 179.0 94.0 127.0 255.7 162.0 138.1 154.8

CO (g/m2)b 8.9 1.9 3.5 40.9 1.14 0.85 0.95

CO2 (g/m
2)b 40871 31920 40314 58224 24054 20504 22985

Other (g/m2)b 73.9 27.1 18.1 105.6 22.2 19.0 21.3

Technical meritsc Good Good Good Little bad Neutral Good Good

Mentality effectc Better Good Good bad Good Good Good

Heating chargec Better Neutral Bad Better Bad Little bad Neutral

a Includes the annuity of initial investment and annual operating cost, ¥ means Chinese currency RMB yuan.
b Emission is calculated based on the floor heating area.
c These three properties are deemed as qualitative (ordinal) criteria.
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smaller than 0.01 (Tervonen and Lahdelma, 2007). The confidence factors, holistic acceptabil-
ity, and rank acceptability indices are shown in Table 7.2. All rank acceptability indices and
average utilities of each DH system are also illustrated graphically in Fig. 7.6. Here the aver-
age utility is defined as the central-weighted average utility function value based on the
criteria PVs. Central weight vectors and the cross confidence factors are shown in Fig. 7.7
and Table 7.3. Note that there is no central weight vector for DH systems having zero confi-
dence factors.

According to Table 7.2, coal- and oil-firedHOBs can be rejected from themost qualifiedDH
systems, because their confidence factors are zero. This means that they never obtain the first
rank even considering uncertainties. Similarly, solar energy HP is currently not a good choice
for DH because of its nearly zero confidence factor and very low holistic acceptability index.
GSHP has a 4.87% confidence factor, which is also deemed too small to be the best alternative,
but it still can be a compromise DH system, especially if a weight vector close to its central
weights is used. However, coal-fired CHP has a high confidence factor of 75.75%, followed by
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FIG. 7.5 The FWS with �50% interval constraints using uniform distribution on each criterion for evaluation of
the DH systems.

TABLE 7.2 Confidence factors (pc), holistic (ah) and rank acceptability indices (br) in percentage.

DH system pc ah b1 b2 b3 b4 b5 b6 b7

Coal-fired CHP 75.75 73.7 51.2 24.9 13.3 10.0 0.5 0 0

Gas-fired HOB 57.43 72.5 39.2 48.8 10.8 1.3 0 0 0

WSHP 18.92 45.7 8.3 20.3 54.2 17.1 0.1 0 0

GSHP 4.87 31.0 1.4 5.9 21.6 69.5 1.7 0 0

Solar energy HP 0.02 12.5 0.001 0 0.1 1.5 68.5 27.7 2.3

Oil-fired HOB 0 6.6 0 0 0 0.1 18.6 55.6 25.7

Coal-fired HOB 0 2.9 0 0 0.1 0.6 10.8 16.6 72.0
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gas-fired HOB (57.43%), and WSHP (18.92%). In addition, the first rank acceptability index
of coal-fired CHP is 51.2%, which already dominates the other DH systems. Nevertheless,
the second rank acceptability index is 24.9% and zero for worst ranks, which means that
coal-fired CHP is the most preferred DH technology in the study area with such a big DH
load (16.6MW) considering uncertainties. Gas-fired HOB andWSHP also can be the compro-
mise DH systems if their central weight vectors are used.

As can be seen from Fig. 7.6, coal-fired CHP favors criteria of total cost, but if the DMs are
not emphasizing the total cost, then gas-fired HOB is very suitable for DH in this area. This is
also justified by the SMAA result that gas-firedHOB competeswell with the threeHP systems
and has a good chance of being the best alternative, even when three HP systems’ central
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FIG. 7.7 Central weights (wc) favoring different DH systems.

TABLE 7.3 Cross confidence factors (%), confidence factors are in bold, and the biggest cross confidence
factors are underlined.

Alt. Coal-CHP Gas-HOB Oil-HOB Coal-HOB Solar-HP WSHP GSHP Sum

Coal-CHP 75.752 23.187 – – 0 1.048 0.013 100

Gas-HOB 31.994 57.432 – – 0 9.806 0.768 100

Oil-HOB – – – – – – – –

Coal-HOB – – – – – – – –

Solar-HP 3.225 44.57 – – 0.021 32.316 19.868 100

WSHP 15.445 63.084 – – 0 18.916 2.555 100

GSHP 9.598 62.412 – – 0 23.118 4.872 100
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weights are finally used. This can be justified by Table 7.3, e.g., when the central weight of
solar HP system is finally chosen, the cross confidence factor of gas-HOB is far bigger than
the confidence factor itself (0.021%) for solar HP. In fact, it is the smallest confidence factor,
because gas-HOB,WSHP, GSHP, and coal-CHP all have bigger cross confidence factors when
solar HP is the target alternative. This means that solar HP will not be the most preferred or
compromise alternative. The situations are similar when other two HPs’ central weights are
used, because gas-HOB will dominate the WSHP and GSHP. In other words, HPs only have
small chances to be the best alternative even if weights are close to their central weights (close
to the central weight of gas-HOB too), as shown in Fig. 7.7.

The ranking of the DH systems based on the average utility can be found in Fig. 7.6. The
same ranking can be obtained through holistic acceptability in Table 7.2. We found that the
first three rankings are the same as the result given byWei et al. (2010). The ranking sequences
of GSHP, solar energy HP, and oil-fired HOB are also the same. The only difference is that a
coal-fired HOB ranks 4 in their conclusion, but it is apparently the worst alternative in our
study. The reason is that if total cost is emphasized, then coal-fired HOB is dominated by
coal-fired CHP, otherwise it is dominated by other DH technologies characterized by lower
emissions.

7.3.3 Discussion

Pairwise winning indices can also be defined if the above statistic variables are still not
enough to differentiate the alternatives. The pairwise winning index cij is the probability
for alternative i to score better than alternative j considering the uncertainty in the preference
statements. It can be calculated by the times that alternative i is better than j divided by
the total Monte Carlo simulation iterations. For the seven DH technologies, their pairwise
winning indices are shown in Table 7.4. The pairwise winning indices of one alternative to
itself is zero. It can be found that coal-CHP is highly certain to dominate other alternatives,
but not the gas-HOB, which is the second best alternative in this study. In fact, gas-HOB is
even more certain to dominate other alternatives, however the pairwise winning index for
gas-HOB compared to coal-CHP is 46.90% (less than 50%), which means that coal-CHP is
more likely better than gas-HOB.

TABLE 7.4 Pairwise winning indices of the seven DH systems (%).

Alt. Coal-CHP Gas-HOB Oil-HOB Coal-HOB Solar-HP WSHP GSHP

Coal-CHP 0 53.10 99.26 99.99 98.06 71.41 82.14

Gas-HOB 46.90 0 99.88 99.94 99.30 72.92 86.94

Oil-HOB 0.74 0.12 0 70.87 28.14 0.43 1.37

Coal-HOB 0.01 0.06 29.13 0 15.67 0.60 1.97

Solar-HP 1.94 0.71 71.86 84.33 0 2.16 6.44

WSHP 28.59 27.08 99.57 99.40 97.84 0 69.60

GSHP 17.86 13.06 98.63 98.03 93.56 30.40 0
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A full ranking sequence of all DH systems can also be obtained according to the simulation
results. However, this may lead to some kind of misunderstanding and thus is not encour-
aged. DMs may believe that the alternative with largest utilities dominates all the others,
disregarding the fact that ranking sequence is subject to uncertainties inweighting. Therefore,
SMAA method is used to help understand the evaluation by using the rank acceptability in-
dices and the confidence factors. SMAA plus FWS can make clear that what kind of weight
information will favor what kind of alternative taking into account of the probability. This
makes the combination of SMAA and FWS more reliable in the multicriteria evaluation.
Therefore, the proposed method can also be used in other MCDM problems.

7.4 Conclusions

In this study, the stochastic multicriteria analysis (SMAA)method in combination with the
feasible weight space (FWS) are used to evaluate the DH systems considering uncertainties in
criteria performance values (PVs) and weighting. The uncertainties in criteria PVs are treated
using uniform distribution function within the uncertainty range of each criterion, and un-
certainties in weighting are addressed directly by the Monte Carlo simulation in SMAA.
The statistic variables of rank acceptability indices, confidence factors, central weight vectors,
and cross confidence factors of SMAA can help DMs understand what kind of weight infor-
mation will favor what kind of best alternatives to what extent and of better discriminations.

The method was demonstrated in a city in the north of China, and the results indicate that
at present, the coal-fired CHP has the best chance to be the most preferred DH technology in
this area with DH load at 10MW level or higher, especially the economic criterion is empha-
sized. Otherwise the gas-fired HOB can be more suitable for DH, because it dominates all
three heat pump (HP) technologies. Among the HP systems, the water source heat pump
(WSHP) is better than ground source heat pump (GSHP) and solar energy heat pump in
the case study area. SMAA also helps reveal the inefficient alternatives of oil- and coal-fired
HOBs, because they are dominated by other DH technologies even considering the uncer-
tainties. A full ranking of the alternatives is not recommended in this study, because it will
very easily lead to amisunderstanding that the best alternative dominates all the others in any
situation. On the contrary, we should bear in mind that the any ranking is subject to uncer-
tainties, which should be well considered.
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6.1 Introduction

With continuous growth of population globally, the conflict between growing resources
demand andworsening environment has become obvious and urgent to solve. Most environ-
mental issues have been found to be worsened by overusing of limited resources and
unsuitable waste treatments. To alleviate this trend, the sustainable development concept
has been raised and attracted a lot of attention. In the “Our Common Future” conference
published by World Commission on Environment and Development (WCED) in 1987, the
Brundtland Commission defined sustainable development as “development that meets the
needs of the present without compromising the ability of future generations to meet their
own”. This definition has been used until today. For this purpose, tools need to be developed
to assist practitioners or stakeholders in developing more sustainable products, services, or
production processes. As researchers are aware of the importance of tool development, the
life cycle concept was developed to emphasize the significance of overall assessment. Life
cycle assessment (LCA) was the first and the widest accepted tool developed to evaluate
environmental sustainability. With revision and further studies, LCA has been standardized
as ISO 14040 and ISO 14044 and been adapted in several areas such as sustainability assess-
ment of projects in the construction industry, sustainability assessment of new technologies in
manufacturing industries, and environmental assessment of new production development.
However, since LCA only considers the environmental impacts of the research targets, it
leads to ignorance of economic benefits and social impacts. Because of this, life cycle sustain-
ability assessment (LCSA) considering environmental, economic, and social aspects
was raised.

155Life Cycle Sustainability Assessment for Decision-Making Copyright # 2020 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-12-818355-7.00008-7

https://doi.org/10.1016/B978-0-12-818355-7.00008-7


LCSAconsists of LCA for environmental assessment, life cycle costing (LCC) for economic as-
sessment, and social life cycle assessment (SLCA) for social impact assessment (Heijungs et al.,
2010). Due to the completeness of overall analysis of sustainability, the studies related to LCSA
have increased in recent years. ToapplyLCSAinmore situations,LCSAhasbeenextended to the
fuzzy framework (KouloumpisandAzapagic, 2018), tiered framework (ChenandHolden,2018),
dynamic system (Onat et al., 2016a), and by combiningwith other theories. Instead of examining
the sustainability performances for a certain product or a service, the studies related to LCSA fo-
cusmoreonthecomparisonofmultipleobjects.LCSAcombinedwithmulticriteriadecisionmak-
ing (MCDM) has been widely used in energy (Yu and Halog, 2015; Moslehi and Reddy, 2019),
transportation (Onat et al., 2016c, Onat et al., 2016a), construction (Ferrari et al., 2019; Zheng
et al., 2019), logistics (van Kempen et al., 2017), agriculture (Moriizumi et al., 2010; Chen and
Holden, 2018), and other fields for alternatives selection or ranking.

In this chapter, the framework of LCSA is illustrated in detail and attached with
corresponding examples for further explanation in Section 6.2; the research trend and
the current progress of LCSA are summarized by reviewing literature related to LCSA in
the Section 6.3; and Section 6.4 concludes the chapter.

6.2 Framework of LCSA

LCA, LCC, and SLCA follow the same framework for analysis. In this chapter, the frame-
work of LCA defined by the international standard ISO 14044 is introduced with examples to
illustrate the operation process of LCSA.

6.2.1 Goal and scope definition

The definitions of goal and scope in LCSA are important to be clarified at the beginning of
the project. They are the keys to keep all procedures afterward following the consistent
research standards and boundary. According to ISO 14044, the goal for an LCSA test should
clearly state the intended application, the reasons for carrying out the study, the intended
audience, and whether the results are intended to be used in comparative assertions intended
to be disclosed to the public. Furthermore, the scope part should define the product system to
be studied, the functions of the product system or, in the case of comparative studies, the
systems, the functional unit, the system boundary, allocation procedures, life cycle impact
(LCI) assessment methodology and types of impacts, interpretation to be used, data require-
ments, assumptions, value choices and optional elements, limitations, data quality require-
ments, type of critical review, and type and format of the report required for the study.

Taking a solid waste management system in Regione Campania (Arena et al., 2003) as an
example, the goal and scope of this project are summarized in Table 8.1. As not all information
is provided in the article, some hypothetical adjustments had been made.

The details of this procedure are adjustable depending on the real situations of the research
objective. It is worthmentioning that if two alternatives are supposed to be compared for their
sustainability performances by conducting LCA, the goal and scope need to be corresponding
in the two assessments.
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TABLE 8.1 The goal and scope of solid waste management in Regione Campania.

Goal

The intended application To find out municipal solid wastes (MSW) management
options in Regione Campania

The reasons for carrying out the study To develop information and tools to evaluate the
environmental performance of alternative MSW
management options in the area of Regione Campania

The intended audience The Italian Committee for Waste Emergency in Campania

Whether the results are intended to be used in
comparative assertions intended to be disclosed to the
public

The results are intended to be used in comparative
assertions intended to be disclosed to the public

Scope

The product system to be studied The municipal solid wastes management options in the
Regione Campania

The functions of the product system or, in the case of
comparative studies, the systems

To manage solid rest waste, i.e., the MSW residual from
separate household collection, having a given quantity
and composition

The functional unit The management of 1kg of rest waste of the composition
measured as average in Campania, shown in Table 8.2

The system boundary The system boundary is shown in Fig. 8.1

Allocation procedures The allocation of material and energy flows starts with
listing out all material and energy inputs and outputs from
the examination system. Then every single material or
energy source should be traced from its beginning to the
end in the system. The material flow and the energy flow
can be determined and be summarized in a flow chart

Life cycle impact (LCI) assessment methodology and
types of impacts

The LCI assessment is planned to be conducted through
LCA software GaBi. The types of impacts include abiotic
depletion potential of elements (ADPe), abiotic depletion
potential of fossil fuels (ADPf), acidification potential
(AP), eutrophication potential (EP), freshwater aquatic
ecotoxicity potential (FAETP), global warming potential
(GWP), human toxicity potential (HTP), marine aquatic
ecotoxicity potential (MAEP), ozone-layer depletion
potential (ODP), photochemical oxidants creation
potential (POCP), and terrestrial ecotoxicity potential
(TETP)

Interpretation to be used Consistency check, completeness check, and sensitivity
check

Data requirements The generic data is provided by the most valued
international data bank, the Boustead Ltd., and the specific
data is collected by site investigations

Assumptions The inputs and outputs are constant every year

Continued
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TABLE 8.1 The goal and scope of solid waste management in Regione Campania—cont’d

Value choices and optional elements The weighting process will be conducted to show the
preference of each criterion. The preference will reflect on
the final results of LCSA

Data quality requirements Adata quality assessmentwith 6 criteriawill be conducted
for the data collected. The criteria are completeness,
parameter uncertainty, methodological appropriateness
and consistency, technological, geographical, and time-
related representativeness

Adapted from Arena, U., Mastellone, M.L., Perugini, F., 2003. The environmental performance of alternative solid waste management options: a

life cycle assessment study. Chem. Eng. J. DOI: https://doi.org/10.1016/j.cej.2003.08.019.
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FIG. 8.1 The system boundary of solid waste management in Regione Campania. Adapted from Arena, U.,

Mastellone, M.L., Perugini, F., 2003. The environmental performance of alternative solid waste management options: a life cycle

assessment study. Chem. Eng. J. https://doi.org/10.1016/j.cej.2003.08.019 (web archive link).
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6.2.2 Life cycle inventory

The life cycle inventory is designed to clarify the energy flows and material flows of the
systems. Information should be collected completely and clearly in the system to avoid re-
dundancy or missing information. It is important to conduct life cycle inventory accurately,
as its precision affects significantly the accuracy of examination results. The procedures of life
cycle inventory include preparing for data collection, data collection, validation of data, re-
lating data to unit process, relating data to a functional unit, data aggregation, refining the
system boundary, and completed inventory, as shown in Fig. 8.2. The steps mentioned need
to be conducted repeatedly if any revisions are made.

Taking Kalundborg symbiosis in Denmark as an example, the life cycle inventory is
assessed. Kalundborg Symbiosis is a great illustrator of the circular economy concept. It
achieved with a group of functional corporations run with mutual material supplies and mu-
tual waste disposal in Kalundborg, Denmark (Valentine, 2016). This project started in 1959 as
a pioneer experimental project with considerable support fromDenmark’s government ( John
and Nicholas, 2018). This is an organically evolving, self-sustaining environmental collabo-
ration in Denmark with 12 enterprises currently participating (Gulipac, 2016), and it has be-
come a typical case of industrial symbiosis learned by other countries ( Jacobsen, 2006).
Kalundborg Symbiosis consists of Lake Tisse, Argo, Gyproc, Kalundborg Utility, Ørsted (also

TABLE 8.2 Composition of MSW in Campania, as obtained from a specific
investigation made by the National Committee for Waste Emergency.

Waste component Content in rest waste (wt%)

Glass 5.7

Metals 3.25

Wood 1.75

Food wastes 30.1

Greens 3.88

Paper and paperboard 23.15

Plastics, light 7.92

Plastics, hard 2.84

Textiles 4.48

Leather 1.76

Oversize 0.7

Inert materials 1.26

Miscellaneous 4.49

Fines 8.7

Adapted from Arena, U., Mastellone, M.L., Perugini, F., 2003. The environmental performance of

alternative solid waste management options: a life cycle assessment study. Chem. Eng. J. https://doi.

org/10.1016/j.cej.2003.08.019.
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known as Dong Energy), Statoil, Novo Nordisk & Novozymes Land Owner’s Association,
Novo Nordisk, Inbicon, Kalundborg Utility Heat pump, Novozymes, and Novozymes
Wastewater & Biogas (Symbiosis Centre Denmark, 2010). Among all the companies in
Kalundborg Symbiosis, Dong Energy, Statol, Gyproc, Novozymes, and Novo Nordisk run
the five core businesses in this symbiosis system. Dong Energy is a power generation com-
pany providing electricity, steam, and heat to other companies and local residences. Statoil
serves as a refinery factory that provides the cleanest petrol and diesel as the output products.
The main service of Gyproc is manufacturing plasterboard. In addition, Novozymes pro-
duces enzymes and Novo Nordisk produces insulin. Other companies in symbiosis support
these five cores by providing material processing, waste treatment, and management coordi-
nation services. For example, Kalundborg utility takes charge of water treatment and supply
for the whole system and Argo handles wastes produced in the system.

The Kalundborg symbiosis system can be described by two resource exchange subsys-
tems, namely energy exchange system (shown in Fig. 8.3) and material exchange system
(shown in Fig. 8.4). This categorization method helps to explain how resources flow in the
system more clearly.

The data in this step should be collected for every single arrow in Figs. 8.3 and 8.4 after
transferring those data into functional units.

Goal and scope definition

Preparing for data collection

Revised data collection sheet Data collection sheet

Collected data

Validated data

Validated data per unit process

Validated data per functional unit

Calculated inventory

Data collection

Validation of  data

Relating data to unit process

Relating data to functional unit

Additional data
or unit processes

required

Allocation includes
reuse and recycling

Data aggregation

Refining the system boundary

Completed inventory

FIG. 8.2 Life cycle inventory.
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6.2.3 Life cycle impact assessment

This step is to transform materials and energy input into equivalent impacts on the envi-
ronment. The researchers have clarified impacts of each substance on the environment. Some
software, such as SimaPro, openLCA, and GaBi, can help researchers to generate the impact

Gyproc
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Kalundborg

Utility

Inbicon

1
1

4

4 4

4

3
3

3 4

41
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Novo
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& Novozymes
Landowners’
association

Kalundborg
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heat pump
Novozymes

Novozymes
wastewater
and biogas

1

4

FIG. 8.3 Kalundborg symbiosis energy exchange
system (Note: 1—Steam; 2—Power to the grid; 3—
Warm condensate; 4—District heating).
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FIG. 8.4 Kalundborg symbiosis material ex-
change system (Note: 11—Waste; 12—Gypsum;
13—Fly ash; 14—Sulfur; 15—Slurry; 16—
Bioethanol; 17—Sand; 18—Sludge; 19—C5/C6
Sugars; 20—Lignin; 21—NovoGro 30; 22—
Ethanol waste; 23—Biomass).
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values with respect to the inventory data based on a database. The procedures of LCI assess-
ment include definition and classification of impact categories, characterization of category
indicator results, normalization, weighting, and grouping, as shown in Fig. 8.5.

6.2.4 Interpretation

Since data cannot provide decision maker a clear view of the sustainability performance of
the research object, interpretation plays an important role in evaluating and further analyzing
the results data. The general procedures of interpretation can be demonstrated by Fig. 8.6.

The evaluation process is adapted to ensure that life cycle inventory and LCI assessment
are conducted in a manner consistent with goal and scope definition made in the first step.
This process includes a completeness check, consistency check, and so on. The completeness
check and consistency check are the compulsory parts of LCA, which are designed to check
for missing parts of procedures and to check for consistency with the goal and scope. The
differences between the completeness check and the consistency check are shown in Fig. 8.7.

From those checks, or other methods such as MCDMmethods, decision makers can obtain
a clear result of the sustainability of the target process or service.

FIG. 8.5 Life cycle impact assessment.

Life cycle assessment framework

Goal and
scope

definition

Inventory
analysis

Impact
assessment

Conclusion, limitations and
recommendations

Evaluation by:

Identification
of  significant

issues

completeness
check;
sensitivity check;
consistency check;
other checks;

Direct applications
Product
development and
improvement;
Startegic planning;
Public policy
making;
Marketing;
Other.

Interpretation

FIG. 8.6 Interpretation of life cycle assessment.
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6.2.5 Life cycle costing and social life cycle assessment

The overall framework of LCC and SLCA are the same with LCA, which includes goal and
scope definition, life cycle inventory, LCI assessment, and interpretation, as shown in Fig. 8.8.
The LCC and SLCA of the same object should share the same research boundary. Thematerial
flows and energy flows should be replaced by cash flow for LCC and be replaced by social
related indexes for SLCA. Similarly, in the impact assessment for LCC and SLCA, the data
should be transformed into economic-related and social-related impact values.

As there are no international standards for LCC and SLCA, there is more space for re-
searchers to create innovativemethods or adjust the currentmethodwithin the LCA framework
to create more suitable sustainability assessment methods that match the practical situations.

FIG. 8.7 The differences between (A) the completeness check and (B) the consistency check.
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6.3 Recent studies of LCSA

The LCSA has become popular in recent years. The peer-reviewed articles conducted with
LCA, LCC, SLCA, or LCSA as themain purposewere reviewed and summarized according to
the year, as shown in Fig. 8.9. The articles were searched and selected from Web of Science.
The search keywords were set as “life cycle assessment,” “life cycle costing,” “social life cycle
assessment,” and “life cycle sustainability assessment” for title searching, respectively. In this
chapter, only published articleswere reviewed, since published articles providemore reliable
information as they are reviewed by peers.

From Fig. 8.9, the increasing number of sustainability assessment researches can be ob-
served. Sustainability assessment remains a popular topic for study and application. Al-
though the number of articles conducting LCC, SLCA, and LCSA is small compared with
that of LCA, the increasing trend of research of LCC, SLCA, and LCSA indicates the great
potential for development and improvement in this area.

As LCA has the longest history among the three assessments in LCSA, its application
range can, to some extent, reflect the research focuses for past years and the potential
trend for LCSA in the future. The research categories of LCA for 2000 to 2018 are
summarized in Fig. 8.10. The data was collected from Web of Science by title searching
“life cycle assessment” for articles. The information has been categorized into nine
categories that including mathematics and computing, physics and material, chemistry,
sociology, marine engineering, biology and medicine, electricity, geology and civil engi-
neering, and agriculture.

Observed from Fig. 8.10, the analysis related to electricity generation technologies,
chemistry, and materials were the most popular ones for sustainability assessment. It is
understandable that more studies were related to those three categories, since those
three categories represent the major consumptions of our daily lives. The research trend
of LCA indicates the major industries that were trying to improve their environmental

FIG. 8.8 Life cycle assessment framework.
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performance in the past years. The success of LCA application in those fields provides
the basis for other industries to improve their sustainability performances by using
LCA and LCSA. More LCA researches are expected to be carried out for industries like
marine engineering.

Although LCAhas beenwidely used in sustainabilitymanagement, the articles conducting
complete LCSA are very few. To figure out the current progress of LCSA results, all 61 articles
containing the keywords “life cycle sustainability assessment” in their titles were reviewed.
To clarify, only scientific journal articleswere selected in this chapter, because the information
in the published articles that have been reviewed by peers is more reliable. Therefore, pro-
ceedings papers, reviews, editorial material, early access, and conference abstracts have been
excluded from the review list. From those 61 articles, 10 articles mentioning only parts of
LCSA in their article were excluded from the list. The remaining 51 articles were analyzed
for the development trend of LCSA and the application fields.

FIG. 8.9 Summarization of literatures for LCSA from 2000 to 2018.
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Among the remaining 51 articles, they were categorized into three different categories,
which include concept, method, and analysis. The concept type article introduces sustainabil-
ity concepts and reviews of relative articleswithoutmentioningmethodologies and case stud-
ies. The method type article introduces a new framework of LCSA without mentioning
specific application fields and application cases. The analysis type articles have specific ap-
plication objects and clear problems to be solved. To better illustrate the development trend of
LCSA, the number of each type of article was summarized according to published years, as
shown in Fig. 8.11.

It can be observed from Fig. 8.11 that the articles purely discussing concepts and methods
were limited. Most of the articles attempted to create new methods for a certain industry or a
case. The number of LCSA analyzing sustainability performances increased with the years.
Therefore, although LCSA is a new field of sustainability assessment, it is observed to be a
useful and feasible tool that attracts further study.

FIG. 8.10 The research categories of LCA for 2000 to 2018.
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To summarize the application fields of LCSA, LCSA literature with case studies are listed
in Table 8.3 with indicating the purpose of LCSA used in this article. There are nine categories
summarized from all literature including agriculture, chemistry, construction, energy, envi-
ronment protection, food, logistics, manufacturing, and transportation. Among all categories,
energy sources selection, construction related cases, and transportation are the three major
application fields of LCSA. This application trend of LCSAmatches the core application fields
of LCA, as discussed previously.

FIG. 8.11 The number of each types of articles reviewed published from 2008 to 2019.

TABLE 8.3 Summarization of LCSA literature with case studies.

Case category Title Purpose Year Reference

Agriculture Simplified life cycle sustainability assessment of
mangrove management: a case of plantation on
wastelands in Thailand

Improvement 2010 (Moriizumi
et al., 2010)

Tiered life cycle sustainability assessment applied to a
grazing dairy farm

Selection or
ranking

2018 (Chen and
Holden, 2018)

Evaluation of sustainable innovations in olive
growing systems: a life cycle sustainability
assessment case study in southern Italy

Selection or
ranking

2018 (De Luca
et al., 2018)

Chemistry Life cycle sustainability assessment of chemical
processes: a vector-based three-dimensional
algorithm coupled with AHP

Evaluation of
technology

2017 (Xu et al.,
2017)

Life cycle sustainability assessment for sustainability
improvements: a case study of high-density
polyethylene production in Alberta, Canada

Improvement 2017 (Hannouf and
Assefa, 2017)

Construction Building a sustainability benchmarking framework of
ceramic tiles based on life cycle sustainability
assessment (LCSA)

Benchmarking 2019 (Garcı́a-
Muiña et al.,
2019)

Continued
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TABLE 8.3 Summarization of LCSA literature with case studies—cont’d

Case category Title Purpose Year Reference

Agent-based modeling of temporal and spatial
dynamics in life cycle sustainability assessment

Evaluation of
technology

2017 (Wu et al.,
2017)

Life cycle sustainability assessment of RC buildings in
seismic regions

Evaluation of
technology

2016 (Gencturk
et al., 2016)

Integrating triple bottom line input–output analysis
into life cycle sustainability assessment framework:
the case for US buildings

Evaluation of
technology

2014 (Onat et al.,
2014a)

Multidimensional Pareto optimization as an approach
for site-specific building refurbishment solutions
applicable for life cycle sustainability assessment

Evaluation of
technology

2013 (Ostermeyer
et al., 2013)

Life cycle sustainability assessment of pavement
maintenance alternatives: methodology and case
study

Selection or
ranking

2019 (Zheng et al.,
2019b)

Spatial life cycle sustainability assessment: a
conceptual framework for net-zero buildings

Selection or
ranking

2015 (Hossaini
et al., 2015a)

AHP based life cycle sustainability assessment
(LCSA) framework: a case study of six-story wood
frame and concrete frame buildings in Vancouver

Selection or
ranking

2015 (Hossaini
et al., 2015b)

Life cycle sustainability assessment (LCSA) for
selection of sewer pipe materials

Selection or
ranking

2015 (Akhtar et al.,
2015)

Energy Multi-criteria decisionmaking for the prioritization of
energy systems under uncertainties after life cycle
sustainability assessment

Selection or
ranking

2018 (Ren, 2018)

Multi-actor multi-criteria decision making for life
cycle sustainability assessment under uncertainties

Selection or
ranking

2018 (Ren et al.,
2018)

Prioritization of bioethanol production pathways in
China based on life cycle sustainability assessment
and multi-criteria decision-making

Selection or
ranking

2015 (Ren et al.,
2015)

Life cycle sustainability assessment of ground source
heat pump in Shanghai, China

Evaluation of
technology

2016 (Huang and
Mauerhofer,
2016)

Integrated life cycle sustainability assessment: a
practical approach applied to biorefineries

Evaluation of
technology

2015 (Keller et al.,
2015)

Life cycle sustainability assessment of electricity
generation in Pakistan: policy regime for a sustainable
energy mix

Improvement 2017 (Akber et al.,
2017)

Life cycle sustainability assessment of UK electricity
scenarios to 2070

Prediction 2014 (Stamford and
Azapagic,
2014)
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TABLE 8.3 Summarization of LCSA literature with case studies—cont’d

Case category Title Purpose Year Reference

A new quantitative life cycle sustainability
assessment framework: application to integrated
energy systems

Selection or
ranking

2019 (Moslehi and
Reddy, 2019)

Integrated life cycle sustainability assessment of the
Greek interconnected electricity system

Selection or
ranking

2019 (Roinioti and
Koroneos,
2019)

Life cycle sustainability assessment of grid-connected
photovoltaic power generation: a case study of
Northeast England

Selection or
ranking

2018 (Li et al., 2018)

Inclusive impact assessment for the sustainability of
vegetable oil-based biodiesel Part I: linkage between
inclusive impact index and life cycle sustainability
assessment

Selection or
ranking

2017 (Nguyen
et al., 2017)

An integrated life cycle sustainability assessment of
electricity generation in Turkey

Selection or
ranking

2016 (Atilgan and
Azapagic,
2016)

Solar photovoltaic development in Australia; a life
cycle sustainability assessment study

Selection or
ranking

2015 (Yu and
Halog, 2015)

Towards life cycle sustainability assessment: an
implementation to photovoltaic modules

Selection or
ranking

2012 (Traverso
et al., 2012)

Environment
protection

Life cycle sustainability assessment of DMSO solvent
recovery from hazardous waste water

Evaluation of
technology

2018 (Zajáros et al.,
2018)

Framework for life cycle sustainability assessment of
municipal solid waste management systems with an
application to a case study in Thailand

Selection or
ranking

2012 (Menikpura
et al., 2012)

Food Framework for integrating animal welfare into life
cycle sustainability assessment

Selection or
ranking

2018 (Scherer et al.,
2018)

Logistics Using life cycle sustainability assessment to trade off
sourcing strategies for humanitarian relief items

Selection or
ranking

2017 (van Kempen
et al., 2017)

Manufacturing Lessons learned from a life cycle sustainability
assessment of rare earth permanent magnets

Selection or
ranking

2017 (Wulf et al.,
2017)

An exploratory investigation of additively
manufactured product life cycle sustainability
assessment.

Evaluation of
technology

2018 (Ma et al.,
2018)

Transportation Combined application of multi-criteria optimization
and life cycle sustainability assessment for optimal
distribution of alternative passenger cars in the US.

Selection or
ranking

2016 (Onat et al.,
2016c)

Developing life cycle sustainability assessment
methodology by applying values-based sustainability
weighting: tested on biomass based and fossil
transportation fuels

Selection or
ranking

2018 (Ekener et al.,
2018)

Continued
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To analyze the case studies of LCSA further, the regions for LCSA application were
counted as shown in Fig. 8.12. From the 51 reviewed articles, the research regions include
Australia, China, Germany, Greece, Hungary, Ireland, Italy, Kenya, Pakistan, Thailand,
Turkey, the United Kingdom, the United States, and Canada. It is observed that European
countries andAsian countries realize the reliability of LCSA to assess sustainabilitymore than
other areas. However, since the case studies, especially for certain countries, were few, this
conclusion cannot be made. It is true that LCSA has great potential to be revised and applied
in more cases for sustainability analysis.

6.4 Conclusions

LCSAwhich involves LCA for environmental assessment, LCC for economic analysis, and
SLCA for social performance evaluation was raised to compensate for the shortage, and lim-
ited research perspectives, of LCA. In this chapter, the framework of LCA was introduced in
detail with case studies, and differences between the frameworks of LCC and SLCA and that

TABLE 8.3 Summarization of LCSA literature with case studies—cont’d

Case category Title Purpose Year Reference

Uncertainty-embedded dynamic life cycle
sustainability assessment framework: an ex-ante
perspective on the impacts of alternative vehicle
options

Selection or
ranking

2016 (Onat et al.,
2016b)

Towards life cycle sustainability assessment of
alternative passenger vehicles

Selection or
ranking

2014 (Onat et al.,
2014b)

FIG. 8.12 The summarization of regions of LCSA studies.
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of LCAwere emphasized. Then the relevant articles of LCSAwere reviewed and summarized
for research trend analysis. The analysis of literature related to LCSA led to the conclusions
that:

• morework can be done to revise andmodify the LCSA frameworks for application inmore
complex environments;

• LCSA is a useful and feasible tool that will attract more studies in the future; and
• LCSA has great potential to be revised and applied in more cases for sustainability

analysis.
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9.1 Introduction

Lifecycle sustainabilityassessment (LCSA) isawell-knownmeasurement tool foranyservice,
industrial system, ormanufacturing process to standardize and quantify its impacts in environ-
mental, economic, and social aspects (Ren et al., 2015;Wulf et al., 2018). The three individual as-
sessments for environmental, economic, and social analysis, respectively, contained inLCSAare
life cycle assessment (LCA), life cycle costing (LCC), and social life cycle assessment (SLCA)
(Berriel et al., 2018; Ioppolo et al., 2019). Those assessment methods are instructed by interna-
tional standards (ISO14040, ISO14044, ISO14047-ISO14049, and ISO14072 for LCA, and
ISO15663 for LCC), so that they provide scientific and standardized results for research objects
with respect to their impacts on environment, finance, and society. Therefore, LCSA has been
widely used in industries such as construction (Caruso et al., 2017; Balasbaneh et al., 2018),
transportation (Onat et al., 2016; Ekener et al., 2018), energy generation (Moslehi and Reddy,
2019; Roinioti and Koroneos, 2019), and other industries to assess their sustainability.

However, problems were faced when a comparative LCSA study was studied. The results
of LCSA cannot be directly compared for ranking alternatives, since it is hard to judge when
each alternative has its own strengths and drawbacks in most cases. For example, in a com-
parative LCSA study of urban water reuse (Opher et al., 2018a), the no-reuse scenarios score
best in LCA, while the semidistributed reclamation performs the best in both LCC analysis
and SLCA analysis. It is hard to say the semidistributed reclamation is the best option, be-
cause the environmental performance of the semidistributed reclamation is far inferior to
the no-use reclamation. In this case, the authors (Opher et al., 2018a) used a decision making
model to assist the ranking process.
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To deal with the problem, multicriteria decision making (MCDM) methods were adopted
in the decision making process after LCSA results for several technologies, processes, or ser-
vices were provided, because MCDM methods can help to prioritize alternatives or to select
the best option based on data ofmultiple criteria provided (Yu et al., 2018; Ioppolo et al., 2019).
In addition, the hierarchical structure of LCSA results (with multiple indicators under three
pillars) fits the MCDM processing structure perfectly. Thus, the combination of LCSA and
MCDM compensates for the drawbacks of both LCSA andMCDM: improves the data quality
and provides a direct decision making result based on all-round sustainability assessment.
Many studies have applied MCDM combined with LCSA data and these methods have been
used in the construction industry (San-Jos�e Lombera and Cuadrado Rojo, 2010; Shahriar et al.,
2014), transportation (Bojkovi�c et al., 2010; Awasthi et al., 2011), energy generation (Zhang
et al., 2015; Zhao and Li, 2016), supply chain (Entezaminia et al., 2016; Luthra et al.,
2017a), and manufacturing (He et al., 2019).

In this chapter, the procedures and recent studies of LCSA are summarized in Section 9.2.
The MCDM methods used in competitive case studies based on LCSA results are also
reviewed and summarized in Section 9.2. A group Z-number best worst method (group
ZBWM) combined with the goal programming method is developed and introduced in
Section 9.3. The proposedmethod is adapted to analyze a case study regardingwaste oil man-
agement technologies selection in Section 9.4, and the results and discussions are illustrated
afterward. The conclusions are summarized in Section 9.5.

9.2 Literature reviews

The combination of LCSA and MCDM mutually compensates for the drawbacks of each
other. After the LCSA, decisionmakers find it hard tomake the decisions because of inexistence
of themost superior alternative,which performs the best in every aspect.MCDM is a useful tool
to rank, or select multiple alternatives based on data of multiple criteria (Ishizaka and Siraj,
2018). Therefore, MCDM can help to determine the best alternative based on LCSA results,
while LCSAprovides a scientific and reliable database for decisionmaking, as shown in Fig. 9.1.

The MCDMmethod include four main steps: criteria system determination, decision mak-
ing matrix determination, criteria weighting, and aggregation (Ho et al., 2010).

9.2.1 Criteria system determination

The first step is to select criteria from LCSA indicators that can better describe the options.
Criteria in environmental, economic, and social perspectives are selected from LCA, LCC,
and LCSA, respectively, to analyze the target. The selection of criteria depends on the situa-
tion of industry and the knowledge from experts.

9.2.2 Decision making matrix determination

Prior to the weighting method, a decision-making matrix should be built summarizing all
information of alternatives with regard to criteria adapted from the criteria system. As for all
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alternatives (a1, a2, …, an), the decision-making matrix (X) contains the information of data
(xij) of ith criterion with respect to jth alternative where i¼1, 2, …, m, and j¼1, 2, …, n, as
shown by Eq. (9.1).

X¼

a1 a2 ⋯ an
c1
c2
…

cm

x11 x12 ⋯ x1n
x21 x22 ⋯ x2n
⋮ ⋮ ⋱ ⋮
xm1 xm2 ⋯ xmn

0
BB@

1
CCA

w1

w2

⋮
wm

(9.1)

To engage more possibilities in practice, the data of criteria with respect to multiple alterna-
tives have been extended into different formats.
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FIG. 9.1 The combination of LCSA and MCDM.
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Some studies realized that uncertainties generated by fluctuation of data regarding time
change, and human judgment buffer left because of knowledge limitations, impacted the re-
sults of decision making. To illustrate the uncertainties of values, the interval numbers, fuzzy
numbers, and rough numbers were adapted in the MCDM methods. The extended methods
revised the crisp number (xij) in decision-making matrix into interval number (exij ¼ xl, xu

� �
,

where xl is the lower limit and xu is the upper limit of this interval number), triangular fuzzy
number (exij ¼ xl, xm, xu

� �
, where xl is the lower limit, xm is the most possible number, and xu is

the upper limit of this interval number), and other numbers that can express uncertainties.
Similarly, the criteria weights can be revised to use fuzzy numbers or rough numbers to
involve uncertainties.

9.2.3 Criteria weighting

Criteria weighting is one of the important steps of MCDM to determine the weights of
criteria according to different preferences from decision makers. Many studies have been car-
ried out to develop MCDM and to adapt MCDM to LCSA analysis based on real-life case
studies. Summarized from the literature, the criteria weighting methods adapted in the com-
bination of MCDM and LCSA method in 2005–2019 are shown in Table 9.1.

As observed from Table 9.1, analytical hierarchy analysis (AHP) raised by Saaty (1987)
is the classic but most popular weighting method. Furthermore, some adaptions have
been made from original version AHP to make it suitable in more situations. In addition,
some studies have extended MCDM to be applied in interval number, fuzzy number,
rough number, and other types of number to take reservations of decision makers into
consideration.

TABLE 9.1 Weighting methods used in sustainability analysis.

Method Reference

Crisp number

AHP Alwaer and Clements-Croome (2010), Castillo and Pitfield (2010), San-Jos�e Lombera and
Cuadrado Rojo (2010), Awasthi and Chauhan (2011), Turskis and Zavadskas (2011),
Awasthi andChauhan (2012), Dai and Blackhurst (2012), Del Caño et al. (2012), Zavadskas
et al. (2012), Jones et al. (2013), Palevi�cius et al. (2013), Raslanas et al. (2013), Šiožinyt _e et al.
(2014), Akhtar et al. (2015), Ren et al. (2015), Bari�c et al. (2016), De La Fuente et al. (2016),
Entezaminia et al. (2016), Al Garni andAwasthi (2017), B€uy€uk€ozkan andKarabulut (2017),
Das and Shaw (2017), de la Fuente et al. (2017), Gao et al. (2017), Inti and Tandon (2017),
Luthra et al. (2017a), Rashid et al. (2017), Xu et al. (2017), Alhumaid et al. (2018), De Luca
et al. (2018), Dı́az-Cuevas et al. (2018), Mirjat et al. (2018), Opher et al. (2018b), Tang et al.
(2018), Yazdani et al. (2018), Zheng et al. (2019)

BWM Rezaei et al. (2016), Kusi-Sarpong et al. (2018), Liu et al. (2018)

ANP Tsai et al. (2013), Ozcan-Deniz and Zhu (2015), Zhang et al. (2015)
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TABLE 9.1 Weighting methods used in sustainability analysis—cont’d

Method Reference

Entropy Tahmasebi Birgani and Yazdandoost (2018), Tang et al. (2018)

Delphi Bueno Cadena and Vassallo Magro (2015), Luthra et al. (2017b)

Gray-based weighting
method

Manzardo et al. (2012), Su et al. (2016), Jiang et al. (2018)

DEMATEL Tsai et al. (2013), Zhang et al. (2015), Debnath et al. (2017), Huang et al. (2018), Khoshnava
et al. (2018), Pamucar et al. (2018)

DEMATEL-ANP Dimi�c et al. (2016), Govindan et al. (2016)

Revised AHP

Adaptive AHP Tahmasebi Birgani and Yazdandoost (2018)

REMBRANDT López and Monzón (2010), Bueno Cadena and Vassallo Magro (2015)

AHP-EW Wang et al. (2019)

DEMATEL-AHP Hsu et al. (2014), Kuo et al. (2015)

HEL-AHP B€uy€uk€ozkan and Karabulut (2017)

Fuzzy

FEAHP Akadiri et al. (2013)

FPP Fallahpour et al. (2017)

Fuzzy Delphi Hsu et al. (2014), Dimi�c et al. (2016), Zhao and Li (2016), Ze�cevi�c et al. (2017)

ASPID Jovanovic et al. (2010), Škobalj et al. (2017)

Fuzzy AHP Azadnia et al. (2015), Ren et al. (2016), Sánchez-Lozano et al. (2016), Inti and Tandon
(2017), Sivaraja and Sakthivel (2017), Khoshnava et al. (2018), Padhi et al. (2018), Zhang
et al. (2018)

Fuzzy ANP Ren et al. (2016), Ze�cevi�c et al. (2017)

Fuzzy SWARA Mavi et al. (2017)

Fuzzy DEMATEL Luthra et al. (2017b)

Fuzzy Entropy Zhao and Guo (2014)

Fuzzy multiplicative
AHP

Padhi et al. (2018)

Rough

Rough BWM Pamucar et al. (2017), Stevi�c et al. (2018)

R’AMATEL Chatterjee et al. (2018)

Note: AHP, analytical hierarchy analysis; BWM, best worst method; ANP, analytical network analysis; DEMATEL, decision-making trial and

evaluation laboratory; REMBRANDT, ratio estimations in magnitudes or deci-bells to rate alternatives which are non-dominated technique; FPP,

fuzzy preference programming; ASPID, analysis and synthesis of parameters under information deficiency method; SWARA, step wise weight

assessment ratio analysis; R’AMATEL, rough DEMATEL.
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9.2.4 Aggregation

Aggregation is the final step of MCDM to determine the rank or the selection result of the
decision-making problem. In this step, a model is applied to integrate the criteria data with
criteria weights to generate a clear result of priority of alternatives. To study the development
trend of aggregation methods used in studies combining MCDM and LSCA, the ranking or
aggregating methods are summarized in Table 9.2.

From Table 9.2, the technique for order preference by similarity to an ideal solution
(TOPSIS) method (Yoon and Hwang, 1995) and its interval version are the most acceptable
and popularly used in the case studies. Similar to the development of weighting methods,
some studies have extended MCDM to be applied in interval number, fuzzy number, rough
number, and other types of number to take uncertainties into consideration.

TABLE 9.2 Aggregating methods used in sustainability assessment.

Method Reference

Crisp number

WSM/SMART/SAW Castillo and Pitfield (2010), Jeon et al. (2010), Simongáti (2010), Akadiri et al. (2013),
Palevi�cius et al. (2013), Akhtar et al. (2015), Klein and Whalley (2015), Marzouk and
Elmesteckawi (2015), Ozcan-Deniz and Zhu (2015), Mitropoulos and Prevedouros
(2016), Osorio-Tejada et al. (2017), Rashidi et al. (2017), Ren et al. (2017a), Opher et al.
(2018b), Roinioti and Koroneos (2019)

TOPSIS Palevi�cius et al. (2013), Šiožinyt _e et al. (2014), Validi et al. (2014), Formisano and
Mazzolani (2015), Terracciano et al. (2015), Govindan et al. (2016), Baležentis and
Streimikiene (2017), Gao et al. (2017), Rashid et al. (2017), Ren et al. (2017a), Škobalj et al.
(2017), Jia et al. (2018), Tahmasebi Birgani and Yazdandoost (2018), Tang et al. (2018),
Yazdani et al. (2018)

GRA Manzardo et al. (2012), Šiožinyt _e et al. (2014), Zhao and Li (2016)

VIKOR Vu�cijak et al. (2013), Hsu et al. (2014), Formisano andMazzolani (2015), Kuo et al. (2015),
Ren et al. (2015), Zhao and Li (2016), B€uy€uk€ozkan and Karabulut (2017), Luthra et al.
(2017a), Huang et al. (2018), Zheng et al. (2019)

ELECTRE I/IV/IS/II/
III/IV/TRI

Bojkovi�c et al. (2010), Khalili and Duecker (2013), Barata et al. (2014), Formisano and
Mazzolani (2015)

PROMETHEE I/II SafaeiMohamadabadi et al. (2009), Tsoutsos et al. (2009), Simongáti (2010), Hayashi et al.
(2016), Ren et al. (2016), Gao et al. (2017), Alhumaid et al. (2018), Mahbub et al. (2018),
Zhang et al. (2018)

WASPAS Zhang et al. (2015), Baležentis and Streimikiene (2017)

COPRAS Palevi�cius et al. (2013), Zhang et al. (2015), B€uy€uk€ozkan and Karabulut (2017)

ARAS Baležentis and Streimikiene (2017)

MABAC Debnath et al. (2017), Wang et al. (2019)

MAIRCA Pamucar et al. (2018)

MIVES San-Jos�e Lombera and Cuadrado Rojo (2010), Del Caño et al. (2012), Pons and De La
Fuente (2013), AminHosseini et al. (2016), De La Fuente et al. (2016), Pujadas et al. (2017)
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TABLE 9.2 Aggregating methods used in sustainability assessment—cont’d

Method Reference

SWING Vu�cijak et al. (2013), Hayashi et al. (2016)

SCORE Diaz-Balteiro et al. (2017)

CRITIC Gao et al. (2017)

LCASI Ren (2018)

Fuzzy number

Fuzzy TOPSIS Castillo and Pitfield (2010), Awasthi et al. (2011), Awasthi and Chauhan (2012),
Govindan et al. (2013), Zhao and Guo (2014), Guo and Zhao (2015), Sánchez-Lozano
et al. (2016), Sivaraja and Sakthivel (2017), Das and Shaw (2017), Fallahpour et al. (2017),
Ren and Toniolo (2018), Jia et al. (2018), Padhi et al. (2018), Karunathilake et al. (2019)

Fuzzy VIKOR Sivaraja and Sakthivel (2017), Ze�cevi�c et al. (2017), Padhi et al. (2018)

Fuzzy ELECTRE Sivaraja and Sakthivel (2017), Padhi et al. (2018)

MULTIMOORA Škobalj et al. (2017), Liu et al. (2018)

Fuzzy MOORA Mavi et al. (2017)

Fuzzy SMART Padhi et al. (2018)

Fuzzy MIVES De La Fuente et al. (2016)

Fuzzy MAGDM Rao et al. (2015)

Fuzzy ARAS Turskis and Zavadskas (2011)

WASPAS-SVNS Zavadskas et al. (2015)

Interval SWM Ren and Toniolo (2018)

ZOGP Tsai et al. (2013)

Rough number

Rough WASPAS Stevi�c et al. (2018)

Rough MAIRCA Pamucar et al. (2017), Chatterjee et al. (2018)

Stochastic

Stochastic fuzzy AHP Promentilla et al. (2018)

TBL-LCA Kucukvar et al. (2014)

Other methods

Diagraph model Ren et al. (2017a)

SNT Halog and Manik (2011)

Regret-based analysis Rezaei et al. (2019)

Extension theory Ren et al. (2017)

Graph theory He et al. (2019)

Note: WSM, weighted sum method; SWM, simple weighting method; SMART, simple multi-attribute rating technique; GRA, gray relational

analysis; TOPSIS, technique for order preference by similarity to an ideal solution; VIKOR, multi-criteria optimization and compromise solution;

ELECTRE, elimination and choice expressing reality; PROMETHEE, preference ranking organization method for enrichment of evaluations;

WASPAS, weighted aggregated sum product assessment method; COPRAS, multiple criteria complex proportional assessment; ARAS, additive

ratio assessment method;MABAC, multi-attributive border approximation area comparison;MIVES, integrated value model for the sustainability

assessment; MOORA, multi-objective optimization on the basis of ratio analysis; ZOGP, a zero–one goal programming; CRITIC, criteria

importance through inter-criteria correlation; LCASI, life cycle aggregated sustainability index; SNT, sustainability network theory.



Except for the uncertainty considered in MCDM, MCDM used in further analysis of alter-
natives based on LCSA results has adapted the group decision making concept. The group
MCDM can acquire all preferences from multiple stakeholders and reflect them in the
decision-making results. For example, group interval BWM and interval TOPDIM have been
adapted in hydrogen production technique selection (Ren et al., 2018), group interval AHP
has been proposed in sustainability assessment framework (Ren et al., 2017), and group
GRA has been raised for hydrogen technologies selections as well (Manzardo et al., 2012).

To illustrate better the process of MCDM based on LCSA, a case study regarding oil man-
agement is studied by a group fuzzy MCDM method in the next section.

9.3 Methodology

In this section, a new groupMCDMmethod is introduced. In order to deal with hesitations
happened during the judgment process by decision makers, the ZBWM (Aboutorab et al.,
2018) was adapted and revised as the weighting method to transform the linguistic prefer-
ences of criteria with respect to different decision makers into numerical fuzzy criteria
weights. In this revised version, group opinions were considered with various opinions from
multiple stakeholders. Thereafter, the goal programming method was adapted as the aggre-
gating method to help aggregate integrated criteria preference and the actual performance of
each option. Those options can be ranked according to the scores generated from the pro-
posed method. The detailed methodology, calculation process, and result discussions were
provided accordingly below.

9.3.1 Step 1. Determine the criteria system

The first step is to select criteria from LCSA indicators that can better describe the options.
Criteria in environmental, economic, and social perspectives are selected from LCA, LCC, and
LCSA, respectively, and the hierarchical structure of the criteria system is built in this step. The
selection of criteria depends on the situation of industry and the knowledge from experts.

9.3.2 Step 2. Determine the decision-making matrix

As for all alternatives (a1, a2, …, an), the decision-making matrix (X) contains the informa-
tion of data (xij) of ith criterion with respect to jth alternative where i¼1, 2, …, m, and j¼1,
2, …, n, as shown by Eq. (9.1).

The data xij of criteria are collected from scientific and reliable information resources, for
instance, the LCA, LCC, and SLCA results with the same research boundary. The criteria
weights indicate the importance of each criterion in the analysis. To avoid large changes in
scores due to the unit of weights; the weights (wi) of ith criterion, as shown in Eq. (9.1), should
satisfy Eq. (9.2). X

i

wj ¼ 1 (9.2)

182 9. Life cycle decision support framework: Method and case study



9.3.3 Step 3. Determine the criteria weights based on opinions of different
decision makers by group ZBWM

The criteria weights in this study were determined by multiple stakeholders by using the
group ZBWM. The BWM (Rezaei, 2015) is a weighting method to weight criteria by pairwise
comparison. However, unlike AHP, BWM simplifies the process by comparing all criteria
with the best criterion and comparing all criteria with the worst criterion, instead of compar-
ing every pair of criteria. In this case, the BWM has been widely adapted in ranking and se-
lection in industries such as marketing (Cohen, 2009), energy generation (van de Kaa et al.,
2017), and supply chain (Badri Ahmadi et al., 2017).

The first step is to list out the level of priority by pairwise comparison. The number or lin-
guistic term collected for comparison description in BWM is used for describing the pairwise
comparison between every criterion and the best criterion, and the pairwise comparison be-
tween every criterion and the worst criterion. In order to consider the hesitations of decision
makers, fuzzy numbers are adapted to better illustrate the linguistic preferences provided by
decision makers. The Z-number, denoted as ex l,m, uð Þ, is a fuzzy number raised by Zadeh
(2011) that can show both constraints and reliability. In a Z-number linguistic variable for
the ZBWM, there are two parts describing pairwise importance and reliabilities of this com-
parison, respectively. The linguistic variables of constraints include equally important (EI),
weakly important (WI), fairly important (FI), very important (VI), and absolutely important
(AI). As for linguistic variables of reliabilities, the linguistic terms can be denoted as very low
(VL), low (L), medium (M), high (H), and very high (VH). Either linguistic variables of con-
straints or of reliabilities have their own membership functions. The membership functions
for Z-number linguistic variables were calculated as shown in Table 9.3. The detailed calcu-
lation process can be referred to the work of Aboutorab et al. (2018).

Assume that p stakeholders participating in the decision-making process, the linguistic
opinions need to be collected in the same process as mentioned above.

The optimal fuzzy weights of multiple stakeholders can be solved using Eq. (9.3).

Min
Xp
k¼1

λkξk

s:t:

lWB ,mW
B , uWB

� �
lWj ,mW

j , uWj

� �� lkBj,mkBj, ukBj
� �������

�������ξk
�

lWj ,mW
j , uWj

� �
lWW ,mW

W , uWW
� � � lkjW ,mkjW , ukjW

� �������
�������ξk

�

Xn
j¼1

lWj +4�mW
j + uWj

� �
6

¼ 1

0� lWj �mW
j � uWj

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

(9.3)

where, λk indicates the importance of the opinion of the kth stakeholder participating in de-
cision making and

Pp
k¼1λk ¼ 1; eξk ¼ ξk, ξk, ξkð Þ represents the upper limits of differences
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between pairwise comparison data and the calculatedweights based on the opinion of the kth
stakeholder; and i¼1, 2, …, m, j¼1, 2, …, n, and k¼1, 2, …, p.

The fuzzy weights obtained from Eq.(9.3) can be defuzzied into crisp weight by Eq. (9.4).

wj ¼
lj + 4∗mj + uj
� �

6
(9.4)

where, j¼1, 2, …, n represents the jth criterion.

TABLE 9.3 Transformation rules for Z-number linguistic variables to fuzzy
numbers (Aboutorab et al., 2018).

Linguistic terms Membership function

(EI,VL) (1, 1, 1)

(EI,L) (1, 1, 1)

(EI,M) (1, 1, 1)

(EI,H) (1, 1, 1)

(EI,VH) (1, 1, 1)

(WI,VL) (0.21, 0.32, 0.47)

(WI,L) (0.37, 0.55, 0.82)

(WI,M) (0.47, 0.71, 0.82)

(WI,H) (0.56, 0.84, 1.26)

(WI,VH) (0.63, 0.95, 1.43)

(FI,VL) (0.47, 0.63, 0.79)

(FI,L) (0.82, 1.10, 1.37)

(FI,M) (1.07, 1.42, 1.78)

(FI,H) (1.26, 1.68, 2.10)

(FI,VH) (1.43, 1.90, 2.38)

(VI,VL) (0.79, 0.95, 1.11)

(VI,L) (1.37, 1.64, 1.92)

(VI,M) (1.78, 2.13, 2.49)

(VI,H) (2.10, 2.52, 2.94)

(VI,VH) (2.38, 2.85, 3.33)

(AI,VL) (1.11, 1.26, 1.42)

(AI,L) (1.92, 2.19, 2.47)

(AI,M) (2.49, 2.84, 3.20)

(AI,H) (2.94, 3.36, 3.78)

(AI,VH) (3.33, 3.80, 4.28)
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The global weight of a criterion was determined by the crisp local weight multiplying the
crisp perspective weight, as shown in Eq. (9.5).

wglobal ¼wperspective�wlocal (9.5)

9.3.4 Step 4. Rank the alternatives by the goal programming method

The goal programming method is a classical scheduling method (Papathanasiou and
Ploskas, 2018). The goal programming has been revised to be adapted in problem selection
by limiting the assigned alternative as one. In this case study, the goal programming method
was adapted to select the best option among three oil management systems.

To begin with, data of criteria with respect to each alternative should be normalized to
eliminate the potential impacts brought by different metric units. The benefit-type criteria
represent a set of criteria that have the characteristic that the alternative will become better
or more superior with the increase of the data with respect to the criteria. On the contrary,
the cost-type criterion represents a set of criteria that have the characteristic that the alterna-
tive will become better or more superior with the decrease of the data with respect to the
criteria. The normalized data is determined by Eq.(9.6).

yij ¼

xijXn
j¼1

xij

n

0
BBBB@

1
CCCCA

for benefit� type criteria

Xn
j¼1

xij

n

0
BBBB@

1
CCCCA

xij
for cost� type criteria

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

(9.6)

where, xij represents original data of the ith criterion with respect to the jth alternative with
i¼1, 2, …, m, and j¼1, 2, …, n.

The best alternative can be solved by the linear programming Eq. (9.7).

Min
X
i

wi d
+
i + d�i

� �

s:t:

X
j

ajyij�d+
i + d�i ¼ gi

d+
i � 0

d�i � 0

aj ¼ 0or 1X
j

aj ¼ 1

8>>>>>>>>>>><
>>>>>>>>>>>:

(9.7)
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where, gi is the goal of the ith criterion where the maximum normalized value of the ith cri-
terion is selected; di

+ and di
� are the redundancy variables to measure the differences between

planned alternatives and the goal;wi is theweight for the ith criterion and yij is the normalized
data of the ith criterion with respect to the jth alternative; and i¼1, 2,…,m, and j¼1, 2,…, n.

The only aj∗ that satisfies aj∗¼1 indicates the j∗ th alternative is the best option based on its
performance in all criteria and preferences from multiple decision makers.

9.4 Case study

In this section, a case study regarding used cooking oil management was studied to better
illustrate how to use MCDM to deal with selection problems based on LCSA results. In this
case study, the best alternative among three used cooking oil domestic management sys-
tems was analyzed according to the performances in 29 criteria from environmental, eco-
nomic, and social perspectives. The three options analyzed in this chapter include
collection through school (SCH), collection from door to door (DTD), and collection through
urban collection centers (UCC). The SCH system indicates an oil reuse and recycling system
based on schools. In this system, schools are the collection points for the used cooking oil.
All participants deliver waste oil generated from their lives to the schools by their own con-
tainers. The oils are collected and transported once a month by authorized organizations by
van to a special working center. This special working center works as the transport station to
collect all used cooking oils in a 1000 t storage container and to transport them further to a
biodiesel plant by tanker. During the process, the cleaning of empty containers is conducted
by an industrial dishwaster and there are workers with a degree of disability. The DTD sys-
tem is almost the same with SCH, except that the collection points change from schools to
the houses of citizens. In the UCC system, users bring their used cooking oils directly to the
urban collection center. The oils in the urban collection center will be transported to biodie-
sel plant once the 1000 t storage container in the urban collection center is full. In this case,
the participants should clean their own containers. The proceeding flows of these three op-
tions are shown in Fig. 9.2.

From the view of criteria, the data in environmental, economic, and social aspects were
adapted from LCA, LCC, and SLCA respectively. The environmental criteria involve abiotic
depletion (AD), acidification (AC), eutrophication (EU), global warming (GW), ozone layer
depletion (OPD), human toxicity (HT), fresh water aquatic ecotoxicity (WAE), marine aquatic
ecotoxicity (MAE), terrestrial ecotoxicity (TE), photochemical oxidation (PO), and energy con-
sumption (ED). The economic criteria include personnel, transport, collection container, stor-
age container, CO2 costs, total cost, and total cost without CO2. As for social aspect, the criteria
used to evaluate in this case studywere total employees, total working hours, total employees
with disabilities, total employees with higher education, total employees with basic educa-
tion, equal opportunities for sexual reasons, equal opportunities for disabilities, children’s
environmental education, local employment, public commitments to sustainability issues,
and contribution to economic development. The data of LCSA results were adapted from pre-
vious study of LCSA with regard to used cooking oil management (Vinyes et al., 2013) as
shown in Table 9.4.
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To analyze and select the best option among three alternatives, the revised group ZBWM
combined with the goal programming method were used. In this case study, the hierarchical
structure of criteria as shown in Fig. 9.3 requires separate comparison judgements. Therefore,
four rounds of comparisons and judgements were conducted, which included the compari-
son among perspectives, the comparison among environmental criteria, the comparison
among economic criteria, and the comparison among social criteria.

In this case study, two stakeholders are assumed to be participating in the decision
making process. One is an environmentalist, and the other is the top manager of the
recycling company. According to the standard of judgment, as shown in Table 9.4, the pref-
erences of criteria and perspectives provided by these two decision makers are presented
in Tables 9.5 and 9.6.

In this case study, two decision makers (p¼2) participated in selection of three used oil
treatment systems (m¼3) based on 29 criteria (n¼29), and the decision maker weights with
respect to the environmentalist and the top manager were set as 0.3 and 0.7, respectively
(λ1¼0.3, λ2¼0.7). According to Eq. (9.3) and Eq. (9.4), the criteria weights can be solved
by using the data listed in the decision-making matrix in Tables 9.5 and 9.6. Taking the
perspective comparison as an example, the fuzzy weights of perspectives can be solved
by Eq. (9.8).

T
ransport to biodiesel plant by tanker 

B
iodi esel production

Storage & 
cleaning

Urban 
collection 

center

Cleaning at home

Transport to 

special work 

centers by 

van

Collection at 
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Collection at 
houses

SCH

DTD

UCC

FIG. 9.2 The proceeding flows of three used cooking oils collection systems.
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TABLE 9.4 The data of criteria with respect to three waste oil treatment systems.

From Indicator Units DTD SCH UCC

LCA Abiotic depletion kg Sb eq 55.07 69.06 44.73

Acidification kg SO2 eq 26.27 31.91 24.09

Eutrophication kg PO4
� eq 7.82 9.57 7.34

Global warming kg CO2 eq 6875.35 8510.98 5651.11

Ozone layer depletion kg CFC-11eq 0.001 0.0013 0.008

Human toxicity kg 1,4-DB eq 2549.25 3111.33 2524.86

Freshwater aquatic ecotoxicity kg 1,4-DB eq 1144.25 1381.71 1119.02

Marine aquatic ecotoxicity kg 1,4-DB eq 2,294,870 2,798,558 2,283,039

Terrestrial ecotoxicity kg 1,4-DB eq 54.93 58.26 45.55

Photochemical oxidation kg C2H4 2.03 2.45 2

Energy consumption MJeq 138,146.2 172,189.4 138,708.3

LCC Personnel € 36,104 4360 1587.5

Transport € 231.28 254.06 260.01

Collection container € 643.5 1271.11 667.33

Storage container € 756 840 882

CO2 costs € 85.12 105.37 69.96

Total cost € 37,819.89 6830.54 3466.81

Total cost without CO2 € 37,734.78 6725.18 3396.85

SLCA Total employees – 55 20 9

Total working hours – 92,843 29,156 9126

Total employees with disabilities – 38 8 0

Total employees with higher education – 9 5 2

Total employees with basic education – 46 15 12

Equal opportunities (sex) – 100% 100% 100%

Equal opportunities (disabilities) – 33% 17% 0%

Children’s environmental education – 17% 100% 25%

Local employment – 100% 100% 100%

Public commitments to sustainability issues – 100% 100% 100%

Contribution to economic development – 100% 100% 100%
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FIG. 9.3 The criteria system for waste oil treatment systems analysis.
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TABLE 9.5 The decision-making matrix for best alternative comparison.

Range DM The best criteria

Perspectives DM1 Environmental Economic Social

Environmental (EI,VH) (AI,M) (VI,H)

(1, 1, 1) (2.49, 2.84, 3.2) (2.1, 2.52, 2.94)

DM2 Environmental Economic Social

Economic (AI,M) (EI,VH) (VI,H)

(2.49, 2.84, 3.2) (1, 1, 1) (2.1, 2.52, 2.94)

Environmental DM1 AD AC EU GW ODP HT WAE MAE TE PO ED

GW (WI,M) (EI,H) (EI,M) (EI,VH) (EI,VH) (FI,H) (EI,VH) (EI,VH) (EI,M) (EI,M) (FI,H)

(0.56,
0.84,
1.26)

(1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 1, 1) (1.26,
1.68,
2.1)

(1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 1, 1) (1.26,
1.68,
2.1)

DM2 AD AC EU GW ODP HT WAE MAE TE PO ED

EU (EI,M) (VI,M) (VI,M) (WI,H) (VI,M) (WI,H) (WI,M) (VI,VH) (VI,L) (VI,M) (EI,VH)

(1, 1, 1) (1.78,
2.13,
2.49)

(1.78,
2.13,
2.49)

(0.56,
0.84,
1.26)

(1.78,
2.13,
2.49)

(0.56,
0.84,
1.26)

(0.47,
0.71,
0.82)

(2.38,
2.82,
3.33)

(1.37,
1.64,
1.92)

(1.78,
2.13,
2.49)

(1, 1, 1)

Economic DM1 Personnel Transport
Collection
container

Storage
container CO2 costs

Total
cost

Total cost
without CO2

Total cost (FI,H) (FI,H) (FI,H) (FI,H) (VI,H) (EI,VH) (WI,
H)

(1.26, 1.68,
2.1)

(1.26, 1.68,
2.1)

(1.26, 1.68, 2.1) (1.26, 1.68, 2.1) (2.1, 2.52,
2.94)

(1, 1, 1) (0.56, 0.84,
1.26)

DM2 Personnel Transport Collection
container

Storage
container

CO2 costs Total
cost

Total cost
without CO2

Total cost (FI,H) (FI,H) (FI,H) (FI,H) (VI,H) (EI,VH) (WI,
H)

(1.26, 1.68,
2.1)

(1.26, 1.68,
2.1)

(1.26, 1.68, 2.1) (1.26, 1.68, 2.1) (2.1, 2.52,
2.94)

(1, 1, 1) (0.56, 0.84,
1.26)
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Social DM1
Total
employees

Total
working
hours

Total
employees
with
disabilities

Total
employees
with
higher
education

Total
employees
with basic
education

Equal
opportunities
(sex)

Equal
opportunities
(disabilities)

Children’s
environmental
education

Local
employment

Public
commitments
to
sustainability
issues

Contribution
to economic
development

Children’s
environmental
education

(FI,L) (FI,M) (WI,M) (FI,M) (FI,L) (FI,M) (WI,M) (EI,VH) (WI,M) (WI,M) (AI,H)

(0.82, 1.1,
1.37)

(1.07,
1.42,
1.78)

(0.47, 0.71,
0.82)

(1.07, 1.42,
1.78)

(0.82, 1.1,
1.37)

(1.07, 1.42,
1.78)

(0.47, 0.71,
0.82)

(1, 1, 1) (0.47, 0.71,
0.82)

(0.47, 0.71,
0.82)

(2.94, 3.36,
3.78)

DM2 Total
employees

Total
working
hours

Total
employees
with
disabilities

Total
employees
with higher
education

Total
employees
with basic
education

Equal
opportunities
(sex)

Equal
opportunities
(disabilities)

Children’s
environmental
education

Local
employment

Public
commitments
to
sustainability
issues

Contribution
to economic
development

Contribution
to economic
development

(FI,M) (FI,M) (VI,H) (VI,H) (VI,H) (VI,H) (VI,H) (AI,M) (WI,M) (EI,H) (EI,VH)

(1.07, 1.42,
1.78)

(1.07,
1.42,
1.78)

(2.1, 2.52,
2.94)

(2.1, 2.52,
2.94)

(2.1, 2.52,
2.94)

(2.1, 2.52,
2.94)

(2.1, 2.52,
2.94)

(2.49, 2.84,
3.2)

(0.47, 0.71,
0.82)

(1, 1, 1) (1, 1, 1)

Note: AD, abiotic depletion; AC, acidification; EU, eutrophication; GW, global warming; OPD, ozone layer depletion; HT, human toxicity; WAE, fresh water aquatic ecotoxicity; MAE, marine aquatic ecotoxicity; TE,

terrestrial ecotoxicity; PO, photochemical oxidation; and ED, energy consumption.



TABLE 9.6 The decision-making matrix for worst alternative comparison.

DM1 Environmentalist DM2 Top manager

Perspective Economic Environmental

Environmental (AI,M) (2.49,
2.84, 3.2)

Environmental (EI,VH) (1, 1, 1)

Economic (EI,VH) (1, 1, 1) Economic (AI,M) (2.49,
2.84, 3.2)

Social (WI,M) (0.47,
0.71, 0.82)

Social (WI,M) (0.47,
0.71, 0.82)

EU MAE

Environmental AD (WI,L) (0.37,
0.55, 0.82)

AD (VI,M) (1.78,
2.13, 2.49)

AC (FI,H) (1.26,
1.68, 2.1)

AC (EI,M) (1, 1, 1)

EU (FI,M) (1.07,
1.42, 1.78)

EU (EI,M) (1, 1, 1)

GW (FI,H) (1.26,
1.68, 2.1)

GW (FI,H) (1.26,
1.68, 2.1)

ODP (FI,M) (1.07,
1.42, 1.78)

ODP (EI,M) (1, 1, 1)

HT (EI,L) (1, 1, 1) HT (FI,VH) (1.43, 1.9,
2.38)

WAE (FI,H) (1.26,
1.68, 2.1)

WAE (FI,M) (1.07,
1.42, 1.78)

MAE (FI,H) (1.26,
1.68, 2.1)

MAE (EI,VH) (1, 1, 1)

TE (FI,M) (1.07,
1.42, 1.78)

TE (EI,M) (1, 1, 1)

PO (FI,M) (1.07,
1.42, 1.78)

PO (EI,M) (1, 1, 1)

ED (EI,VH) (1, 1, 1) ED (VI,H) (2.1, 2.52,
2.94)

CO2 costs CO2 costs

Economic Personnel (WI,L) (0.37,
0.55, 0.82)

Personnel (WI,L) (0.37,
0.55, 0.82)

Transport (WI,H) (0.56,
0.84, 1.26)

Transport (WI,H) (0.56,
0.84, 1.26)

Collection container (WI,H) (0.56,
0.84, 1.26)

Collection container (WI,H) (0.56,
0.84, 1.26)
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TABLE 9.6 The decision-making matrix for worst alternative comparison—cont’d

DM1 Environmentalist DM2 Top manager

Storage container (WI,H) (0.56,
0.84, 1.26)

Storage container (WI,H) (0.56,
0.84, 1.26)

CO2 costs (EI,VH) (1, 1, 1) CO2 costs (EI,VH) (1, 1, 1)

Total cost (VI,H) (2.1, 2.52,
2.94)

Total cost (VI,H) (2.1, 2.52,
2.94)

Total cost without
CO2

(FI,L) (0.82, 1.1,
1.37)

Total cost without
CO2

(FI,L) (0.82, 1.1,
1.37)

Contribution to economic development Children’s
environmental
education

Social Total employees (FI,H) (1.26,
1.68, 2.1)

Total employees (FI,M) (1.07,
1.42, 1.78)

Total working hours (FI,M) (1.07,
1.42, 1.78)

Total working hours (FI,M) (1.07,
1.42, 1.78)

Total employees
with disabilities

(VI,L) (1.37,
1.64, 1.92)

Total employees
with disabilities

(WI,L) (0.37,
0.55, 0.82)

Total employees
with higher
education

(FI,M) (1.07,
1.42, 1.78)

Total employees
with higher
education

(WI,L) (0.37,
0.55, 0.82)

Total employees
with basic education

(FI,H) (1.26,
1.68, 2.1)

Total employees
with basic education

(WI,L) (0.37,
0.55, 0.82)

Equal opportunities
(sex)

(FI,M) (1.07,
1.42, 1.78)

Equal opportunities
(sex)

(WI,L) (0.37,
0.55, 0.82)

Equal opportunities
(disabilities)

(VI,L) (1.37,
1.64, 1.92)

Equal opportunities
(disabilities)

(WI,L) (0.37,
0.55, 0.82)

Children’s
environmental
education

(AI,H) (2.94,
3.36, 3.78)

Children’s
environmental
education

(EI,VH) (1, 1, 1)

Local employment (VI,L) (1.37,
1.64, 1.92)

Local employment (VI,M) (1.78,
2.13, 2.49)

Public
commitments to
sustainability issues

(VI,M) (1.78,
2.13, 2.49)

Public
commitments to
sustainability issues

(AI,H) (2.94,
3.36, 3.78)

Contribution to
economic
development

(EI,VH) (1, 1, 1) Contribution to
economic
development

(AI,VH) (3.33, 3.8,
4.28)

Note:AD, abiotic depletion;AC, acidification; EU, eutrophication;GW, global warming;OPD, ozone layer depletion;HT, human toxicity;WAE,

freshwater aquatic ecotoxicity; MAE, marine aquatic ecotoxicity; TE, terrestrial ecotoxicity; PO, photochemical oxidation; ED, energy

consumption.
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Min 0:3� ξ1 + 0:7� ξ2ð Þ

s:t:

�ξ1�u2 � l1�2:49�u2 � ξ1�u2

�ξ1�m2 �m1�2:84�m2 � ξ1�m2

�ξ1� l2 � u1�3:2� l2 � ξ1� l2

�ξ1�u3 � l1�2:1�u3 � ξ1�u3

�ξ1�m3 �m1�2:52�m3 � ξ1�m3

�ξ1� l3 � u1�2:94� l3 � ξ1� l3

�ξ1�u2 � l1�2:49�u2 � ξ1�u2

�ξ1�m2 �m1�2:84�m2 � ξ1�m2

�ξ1� l2 � u1�3:2� l2 � ξ1� l2

�ξ1�u2 � l3�0:47�u2 � ξ1�u2

�ξ1�m2 �m3�0:71�m2 � ξ1�m2

�ξ1� l2 � u3�0:82� l2 � ξ1� l2

�ξ2�u2 � l1�2:49�u2 � ξ2�u2

�ξ2�m2 �m1�2:84�m2 � ξ2�m2

�ξ2� l2 � u1�3:2� l2 � ξ2� l2

�ξ2�u3 � l1�2:1�u3 � ξ2�u3

�ξ2�m3 �m1�2:52�m3 � ξ2�m3

�ξ2� l3 � u1�2:94� l3 � ξ2� l3

�ξ2�u1 � l2�2:49�u1 � ξ2�u1

�ξ2�m1 �m2�2:84�m1 � ξ2�m1

�ξ2� l1 � u2�3:2� l1 � ξ2� l1

�ξ2�u1 � l3�0:47�u1 � ξ2�u1

�ξ2�m1 �m3�0:71�m1 � ξ2�m1

�ξ2� l1 � u3�0:82� l1 � ξ2� l1

l1 + 4�m1 +u1ð Þ
6

+
l2 + 4�m2 + u2ð Þ

6
+

l3 + 4�m3 + u3ð Þ
6

¼ 1

0� l1 �m1 � u1

0� l2 �m2 � u2

0� l3 �m3 � u3

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

(9.8)

The local fuzzy weights for environmental, economic, and social perspectives, respec-
tively, can be calculated by Eq. (9.8) as ewen ¼ 0:2304, 0:2304, 0:2304ð Þ, ewec ¼
0:4863, 0:5676, 0:6499ð Þ, and ewso ¼ 0:1958, 0:1958, 0:2320ð Þ. According to Eq. (9.4), the crisp
local weights for those three perspectives were calculated as wen¼0.2304, wec¼0.5678, and
wso¼0.2018. Similarly, the local weights for environmental criteria, economic criteria, and
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social criteria can be determined by Eq. (9.3) and Eq. (9.4), as presented in Table 9.7. For ex-
ample, the criterion weight with respect to abiotic depletion was calculated by Eq. (9.9).

wglobal ¼ 0:2304�0:1396¼ 0:0322 (9.9)

The global weights were calculated and presented in Table 9.7.
The global weights were used as the criteria weights in the aggregation process.
In this case study, the benefit-type criteria include some economic criteria (personnel,

transport, collection container, and storage container) and all social criteria. The remaining
criteria are cost-type criteria. Accordingly, the normalized data are presented in Table 9.8.

Based on Eq. (9.7), the best used cooking oil management systemwas selected. The results,
whichwere a1¼0, while a2¼1 and a3¼0, show that the second alternative (DTD system) is the
most suitable under current situation and based on the preferences of multiple stakeholders.

To evaluate the method, a sensitivity analysis was conducted on this case study. The
weight for a major criterion was set as 0.16, and the rest were set as 0.03. The aggregating
method was conducted repeatedly with change of the major criterion. The results of sensitiv-
ity analysis are shown as Fig. 9.4.

Observed from the sensitivity result, in all situations DTD is the best option to this case,
except when personnel is the most preferred criterion, the best option was changed to
SCH system. In this case, DTD has absolute priority in this selection problem and the pro-
posed method is feasible and effective for the selection problem.

TABLE 9.7 The criteria weighting results.

Perspective Criteria

Fuzzy local

weights

Crisp local

weights

Global

weights

Environmental Abiotic depletion (0.0947, 0.1461,
0.1585)

0.1396 0.0322

(0.2304, 0.2304,
0.2304)

Acidification (0.0523, 0.0523,
0.0806)

0.057 0.0131

0.2304 Eutrophication (0.0527, 0.0806,
0.0806)

0.0759 0.0175

Global warming (0.1199, 0.1215,
0.1337)

0.1233 0.0284

Ozone layer depletion (0.0634, 0.0634,
0.0634)

0.0634 0.0146

Human toxicity (0.082, 0.0998,
0.1527)

0.1057 0.0244

Fresh water aquatic ecotoxicity (0.1073, 0.1073,
0.1214)

0.1096 0.0253

Marine aquatic ecotoxicity (0.0523, 0.0547,
0.0666)

0.0563 0.013

Terrestrial ecotoxicity (0.061, 0.0642,
0.0642)

0.0637 0.0147

Continued
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TABLE 9.7 The criteria weighting results—cont’d

Perspective Criteria

Fuzzy local

weights

Crisp local

weights

Global

weights

Photochemical oxidation (0.0713, 0.0713,
0.0713)

0.0713 0.0164

Energy consumption (0.1226, 0.1341,
0.1459)

0.1342 0.0309

Economic Personnel (0.0943, 0.1142,
0.1142)

0.1109 0.0629

(0.4863, 0.5676,
0.6499)

Transport (0.0942, 0.1071,
0.1675)

0.115 0.0653

0.5678 Collection container (0.1157, 0.1467,
0.1678)

0.145 0.0824

Storage container (0.1157, 0.1157,
0.1675)

0.1243 0.0706

CO2 costs (0.0971, 0.1121,
0.1125)

0.1097 0.0623

Total cost (0.1835, 0.2301,
0.24)

0.224 0.1272

Total cost without CO2 (0.1449, 0.1759,
0.1785)

0.1711 0.0972

Social Total employees (0.09, 0.0925,
0.1105)

0.0951 0.0192

(0.1958, 0.1958,
0.232)

Total working hours (0.0815, 0.0866,
0.1032)

0.0885 0.0179

0.2018 Total employees with disabilities (0.095, 0.095,
0.095)

0.095 0.0192

Total employees with higher
education

(0.0704, 0.0704,
0.0851)

0.0729 0.0147

Total employees with basic
education

(0.0763, 0.0763,
0.117)

0.0831 0.0168

Equal opportunities (sex) (0.0707, 0.0707,
0.1045)

0.0763 0.0154

Equal opportunities (disabilities) (0.095, 0.095,
0.095)

0.095 0.0192

Children’s environmental
education

(0.0997, 0.1187,
0.1476)

0.1203 0.0243

Local employment (0.095, 0.095,
0.1199)

0.0992 0.02

Public commitments to
sustainability issues

(0.1135, 0.1293,
0.1456)

0.1294 0.0261

Contribution to economic
development

(0.0452, 0.0452,
0.0452)

0.0452 0.0091
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TABLE 9.8 The normalized data with respect to oil management systems.

Indicator SCH DTD UCC

AD 0.81504 1.022093 1.258365

AC 0.859396 1.043903 1.13837

EU 0.861372 1.054135 1.12307

GW 0.823933 1.019945 1.240903

ODP 2.641026 3.433333 0.429167

HT 0.87695 1.070307 1.080646

WAE 0.87934 1.061825 1.085766

MAE 0.878603 1.071443 1.076995

TE 0.908227 0.963287 1.161654

PO 0.881633 1.064039 1.08

ED 0.869283 1.083499 1.079108

Personnel 3.214946 0.388244 8.829711

Transport 0.977919 1.074239 0.95554

Collection container 0.677083 1.337446 1.289687

Storage container 0.983333 1.092593 0.936508

CO2 costs 0.823922 1.019933 1.240947

Total cost 2.348142 0.424091 4.626466

Total cost without CO2 2.372021 0.422747 4.696195

Total employees 0.714286 1.964286 0.321429

Total working hours 0.667058 2.124149 0.208793

Total employees with disabilities 0.521739 2.478261 0

Total employees with higher education 0.9375 1.6875 0.375

Total employees with basic education 0.616438 1.890411 0.493151

Equal opportunities (sex) 1 1 1

Equal opportunities (disabilities) 1.02 1.98 0

Children’s environmental education 2.112676 0.359155 0.528169

Local employment 1 1 1

Public commitments to sustainability issues 1 1 1

Contribution to economic development 1 1 1

Note:AD, abiotic depletion;AC, acidification; EU, eutrophication;GW, global warming;OPD, ozone layer depletion;HT, human toxicity;WAE,

fresh water aquatic ecotoxicity; MAE, marine aquatic ecotoxicity; TE, terrestrial ecotoxicity; PO, photochemical oxidation; ED, energy

consumption.
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9.5 Conclusions

The combination of LCSA andMCDM improves the data quality and provides a direct de-
cision making result based on all-round sustainability assessment. This chapter summarized
MCDMmethods includingweightingmethods and aggregatingmethods used in competitive
case studies based on LCSA results. From the summarization tables, the popularity of
weightingmethods and aggregatingmethods used in LCSA analysis can be observed, respec-
tively. To better illustrate the operation of the combination of LCSA and MCDM, a group
ZBWM combined with the goal programming method was adapted to analyze a case study
regarding waste oil management technologies selection. The method proved feasible and ef-
fective to assist group decision makers to achieve a consensus.

In the future, moreMCDMwill be developed or revised tomake thosemethods suitable for
more situations or find out the most efficient tool for a certain industry. More works are
expected be done for an overall LCSA.
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Škobalj, P., Kijev�canin, M., Afgan, N., et al., 2017. Multi-criteria sustainability analysis of thermal power plant
Kolubara-A unit 2. Energy. 125, 837–847. https://doi.org/10.1016/j.energy.2017.02.027.
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Vinyes, E., Oliver-Solà, J., Ugaya, C., et al., 2013. Application of LCSA to used cooking oil waste management. Int. J.
Life Cycle Assess. 18, 445–455. https://doi.org/10.1007/s11367-012-0482-z.
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10.1 Introduction

Life cycle sustainability assessment (LCSA) is now a globally adopted framework for
assessing the performance of products/services (Valdivia et al., 2013; Zamagni et al.,
2013). The framework takes into account all three dimensions of assessment, viz., environ-
mental, economic, and social (Finkbeiner et al., 2010). As proposed by Guin�ee (2016), apart
from broadening the scope of impact, LCSA should also consider expanding the analysis
by incorporating issues related to economy scale, and include technological relations in
the assessment. LCSA is also expected to consider behavioral aspects, such as rebound effect
and cultural aspects (Pizzirani et al., 2014). For example, conventionally economic criteria are
used to select the products or alternatives, with increasing environmental pressures in recent
times, it has become essential to include environmental impacts and societal concerns in the
decision making. Hence, the LCSA framework should aim to choose alternatives that are
nearer to low cost and farther from adverse environmental and social impacts. Various
methods are typically used for assessing each of such aspects in LCSA, and use of systems
approach with life cycle thinking are most essential properties of LCSA (Halog and Manik,
2011). Life cycle analysis (LCA) is most commonly used for assessing the environmental
dimension (Azapagic, 2010), whereas life cycle costing (LCC) and social LCA (SLCA) are
widely used indicators for evaluating economic and social dimensions, respectively
(Naves et al., 2018; Neugebauer et al., 2015).
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The concept of LCA evolved in the last four decades with the evolution in understanding
and importance of assessing alternatives’ environmental impacts (Ness et al., 2007). LCA con-
siders inputs and outputs throughout the life of an alternative and their combined environ-
mental impacts. Life cycle thinking is also embedded in life cycle costing (LCC) and social
impacts through social life cycle assessment (SLCA). Although the LCSA is an ambitious
approach to achieve holistic assessments, there are constraints in applying the framework
in reality. Fauzi et al. (2019) discuss numerous challenges in enabling LCSA, such as parity
in the assessment methods (e.g., different temporal scopes and scales applied between the
methods). One of the main challenges identified is integration of indicators across
themethods. To be able to achieve the LCSA, it is necessary to integrate the assessment results
obtained by methods such as LCA, LCC, and LCSA. One of the most common frameworks
used to integrate the results obtained from different tools/methods is multiple criteria
decision making (MCDM) (Costa et al., 2019; Hannouf and Assefa, 2018).

The current chapter is focused on discussing the MCDM applications in LCSA.
The MCDM methods overview is given in Section 10.2, applications of MCDM methods
in combination with LCSA are described in Section 10.3. Section 10.4 provides details on
challenges in the application of MCDM while carrying out LCSA. Finally, a framework
for MCDM based LCSA is proposed in Section 10.5, and conclusions are provided in
Section 10.7.

10.2 MCDM methods overview

Decision-making involves consideration of multiple criteria, which are usually conflicting
(for example, efficiency versus cost) with each other. LCSA also consists of evaluating
the alternatives based on conflicting criteria. LCSA also strives to include priorities of
all stakeholders into decision-making. Stakeholders have wide-ranging preferences, which
adds to the complexity of the decision-making process. MCDM methods are developed to
counter such complexities embedded in decision-making and provides a strategically suit-
able decision (Zopounidis and Pardalos, 2010; Hwang and Yoon, 1981). MADM can be diver-
sified into two groups, which are (a) multiattribute decision making (MADM)
and (b) multiobjective decision making (MODM) (Figueira et al., 2005; Hwang and Yoon,
1981). MADM is majorly associated with decision-making problems involving a finite num-
ber of alternatives (known as discrete variable problems), whereas MODM is concerned with
decision-making problems with an infinite number of alternatives (known as continuous
variable problems). In MODM, primary objective is to design/formulate an alternative that
shows maximum promise or performance corresponding to limited resources.

Literature suggests that many types of MADM methodologies to integrate information
processing of attributes with decision-making of humans involving logic and rational think-
ing have been developed. Asgharizadeh et al. (2017) classified MADM methods into input-
oriented and output-oriented. Input-oriented is largely subclassified in two categories:
“data available to DMs” and “type of data available.” There could be problems where
DMs’ may have no information on alternatives available to them, whereas, even if data is
available then the data could be purely qualitative, purely quantitative, or a mixture of
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qualitative and quantitative data. Contrary to input-oriented, the process-oriented area could
be divided into compensatory and noncompensatory approaches (Hwang and Yoon, 1981).
Compensatory approaches allow trade-off within available attributes. In these methods, un-
favorable scores or disadvantage of an attribute can be counterbalanced by a favorable score
or advantage of another attribute. The compensatory approach can be further segmented into
three subcategories, such as:

a. Scoring approaches: In this type of approach, all available attributes are considered at
once, and an alternative with maximum utility or score is selected. An example of this
approach is simple additive weighting (SAW).

b. Compromising approaches: The approach involves selection of alternative which has the
minimum distance from the ideal solution and maximum distance from nonideal
solution; for example, technique for order of preference by similarity to ideal solution
(TOPSIS).

c. Concordance approaches: Selection of alternative in this type of approaches is based
on arranging a set of ranking preferences, which satisfies an adopted concordance
measure. An example is elimination et choixtraduisant la realit�e or elimination and choice
expressing reality (ELECTRE).

Contrary to compensatory approaches, noncompensatory approaches do not allow trade-off
within the attributes and comparison of alternatives is based on considering each attribute in-
dividually. A few methods that are based on noncompensatory approaches are lexicographic,
elimination by aspects, maximax, maximin, disjunctive constraint, conjunctive constraint, and
dominance. The compensatory approaches are cognitively more challenging for decision-
makers than noncompensatory approaches; however, the results could be more optimal
(Yoon and Hwang, 1995). Segregating MADM methods into two major approach groups
suggested by Hwang and Yoon (1981) is one of the ways of classification, whereas, there are
multiple ways in which different studies have attempted to classify MADMmethods. Readers
can refer to Chen and Hwang (1992), where taxonomy of the MADM methods is provided.
Triantaphyllou (2000) suggested that MADM methods can also be classified corresponding
to decision-makers, such as methods involving single decision-maker and group decision-
makers. A detailed understanding of group decision for single decision can be found in Kalbar
et al. (2013). Similarly, Kahraman et al. (2015) classified MADM methods into outranking,
distance-based, and pairwise-comparison based. Outranking approaches provide outrank re-
lationships but not any value function, whereas, distance-basedmethods are a development of
distance matrixes and pairwise-comparison methods compare a pair of alternatives or indica-
tors at a time in sequence. Liou and Tzeng (2012) presented an overview of MADM method
development from 1738 to 2012. The study divided MADM methods into three major catego-
ries, which are based on approaches of evaluation, weighting, and normalization.

One of the methods, named TOPSIS, has shown better performance in many applications.
TOPSIS has been shown to take into account weights more effectively (Rafiaani et al., 2019;
Kalbar et al., 2017a). Another advantage of TOPSIS is that the method takes into account the
nature of the indicators (i.e., whether the indicators are “benefit” type or “cost” type) while
processing the indicators score by creating sets of a positive ideal solution (PIS) and a negative
ideal solution (NIS). Such an approach resembles human thinking and makes it unique
among other available methods (Yadav et al., 2019; Kalbar et al., 2012). Considering the
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benefits and importance of choosing a distance-basedmethod like TOPSIS, Yadav et al. (2019)
developed a free and open-source software (FOSS) named PyTOPS, which efficiently sup-
ports the use of TOPSIS.

10.3 Generic structure of MADM methods

Understanding of decision-making processes requires clarity over a few terminologies that
are commonly used, as explained below (Hwang and Yoon, 1981):

• Objectives: Purpose of solving a problem.
• Characteristics: This is either distinct or common to other elements and helps

understanding an element’s character.
• Attribute or indicator: This is a distinct element that helps in measuring a characteristic.
• Criterion: A criterion is a combination of indicators and helps in understanding the level

up to which the set of indicators can achieve an objective.
• Trade-off: An exchange of one or more attributes within a criterion to achieve a benefit or

advantage.

MADM methods rank or score a finite number of alternatives Ai ¼ (A1, A2, …, Am), based
on a set of attributes/criteria/indicators, Xj ¼ (X1, X2,…,Xn). The information available from
theDecisionMakers (DMs) can be represented in the form of amatrix called a decisionmatrix,
which is shown below:

Criteria=Attributes

Alternatives=Options

X1 X2 X3 ⋯ Xj ⋯ Xn

A1 x1 a1ð Þ x2 a1ð Þ x3 a1ð Þ ⋯ xj a1ð Þ ⋯ xn a1ð Þ
A2 x1 a2ð Þ x2 a2ð Þ x3 a2ð Þ ⋯ xj a2ð Þ ⋯ xn a2ð Þ
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
Ai x1 aið Þ x2 aið Þ x3 aið Þ ⋯ xj aið Þ ⋯ xn amð Þ
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
Am x1 amð Þ x2 amð Þ x3 amð Þ ⋯ xj amð Þ ⋯ xn amð Þ

10.3.1 Transformation of attributes

Information on alternatives in MADM can be captured by two kinds of attributes: quali-
tative and quantitative. For example, in a problem related to selection of a car, cost and mile-
age can be expressed in quantitative terms (in different units), whereas, reliability of
technology would be expressed in qualitative terms.

Transformation of qualitative attributes into ratio scales is arduous; therefore, most of the
MADM methods resort to either the ordinal scale or the interval scale (Rafiaani et al., 2019;
Hwang and Yoon, 1981). The transformation of the qualitative attribute into ordinal scale is
most commonly practiced. To transform the qualitative attribute to an interval scale, a
10-point scale can be chosen and may be calibrated in one of several ways.
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Any negative values in the indicator scores also needs to be transformed, as negative
values will affect the final outcome of MADM method. Shifting of all indicator score values
above zero is commonly used method to handle negative values (Kalbar et al., 2012).

10.3.2 Normalization of attributes

Normalization of the attributes is not required in all of the MADM methods, but many
compensatory MADM methods like maximin, simple additive weighting, TOPSIS,
ELECTRE, etc., require normalization to perform the further mathematical procedures with
comparable scales. Before proceeding towards normalization, it is important to note different
types of attributes as given by Yoon and Hwang (1995).

• Benefit attributes: Offer an increasing monotonic utility; that is, the higher the attribute
value, the more its preference; for example, fuel efficiency.

• Cost attributes: Offer a decreasing monotonic utility; that is, the higher the attribute value,
the less its preference; for example, production cost.

• Nonmonotonic attribute:Offer nonmonotonic utility, such as room temperature in an office,
or blood sugar level in human body, where maximum utility is located somewhere in the
middle of an attribute range.

Shih et al. (2007) organized a few conventional normalization methods in tabular form
based on the works of Milani et al. (2005), Yoon and Hwang (1995), and Hwang and Yoon
(1981). Vector normalization and linear normalization are commonly used normalization
methods in MADM.

10.3.3 Weighting attributes

It is almost common that DMs may have differences in preferences or importance for var-
ious attributes on which alternatives are to be evaluated or ranked. This preference or impor-
tance can be taken into consideration using assignments of weights to the attributes. The DM
may use a cardinal or ordinal scale to express his or her preference among attributes. MADM
methods require cardinal weights, that is w¼ (w1, …, wj,… Wn), where wj is weight assigned
to the jth attribute. Cardinal weights are normalized to sum to 1, that is

P
Wj¼1. Hwang and

Yoon (1981) reported four methods to assign weights, viz., eigenvector method, weighted
least square method, entropy method, and linear programming techniques for
multidimensional analysis of preferences (LINMAP).

10.3.4 Ranking of alternatives

Once the data is transformed and normalized, then the next step of MADM methodology
is to rank the alternative using the attributes normalized score. Each of the MADM methods
has its algorithm or procedure to aggregate and process the data on attributes. The outcome
from MADM methods is most of the time ranking on some index, priority, or relative
measure. MADM methods have their intrinsic properties and, hence, may generate different
ranking for the same decision matrix. Therefore, after ranking of alternatives, sensitivity
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analysis is recommended to assess the effect of weights, attributes, and MADM methods.
Some of the most commonly usedMADMmethodologies used in decision making have been
briefly described in the following section.

10.4 Application of MADM in LCSA

LCSA attempts simultaneous use of different approaches (LCA, LCC, and SLCA) over
an alternative and presents results of analysis in an integrated manner (Ness et al., 2007).
Coupling of MADM with LCSA makes it possible to unite the results of the assessments
obtained using different methods. Additionally, a majority of research on LCSA is focused
on one of the three pillars (dimensions) of sustainability (environment, economic, and social)
or, in some cases, covering two dimensions. The dimensions can consist ofmultiple indicators
and decision making in LCSA requires judgment considering multiindicator trade-offs
(Tarne et al., 2019). The following subsections discuss applications of MADM-based
LCSA in various sectors, viz., construction, transport, water, energy, and production and
consumption.

10.4.1 Construction

Integration of MADM methods with LCSA has seen a significant number of applications
in the field of infrastructure construction. For example, Akhtar et al. (2015) attempt to develop
an asset management plan by comparing four types of sewer systems, which are made
up of (a) polyvinyl chloride (PVC), (b) ductile iron, (c) concrete, and (d) vitrified clay. For com-
parison, two LCSA frameworks are developed. The first framework is to integrate LCA and
LCC with energy synthesis. Energy is used to convert integrated values from LCA and LCC
into equivalent solar power. Whereas, the second framework deals with integrating
AHP with LCC. This, therefore, suggests that the study does not consider social aspects
during comparison and results suggest PVC pipe performs the best in both economic and
environmental aspects. In another study by Dong and Ng (2016), an LCSA framework is
developed for a residential housing complex in Hong Kong for an estimation from
cradle to end of the construction process. Experts in the study suggest that integration of
LCC, LCA, and SLCA must be performed using MADM methods. However, the selection
of MADM method and weighting process must be left with stakeholders. Similarly,
two six-story buildings, one made of wood and the other with concrete, from Vancouver
is investigated using an LCSA framework with assessment from cradle to grave. The meth-
odology utilizes AHP to develop a sustainability index from aggregating the impacts
(Hossaini et al., 2015).

10.4.2 Transport

Transport is also a fieldwhere integratedMADMand sustainability assessment studies are
present. A study was conducted by Sou et al. (2016) on bottom ash management fromMacao
to China and suggested that transportation was the most sensitive component with impacts
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including economic, social, and environmental aspects. Transportation impacts have consid-
ered additional impacts due to intermediate treatment of bottom ash and associated transport
of materials of intermediate treatment. In another study, Steen and Palander (2016) attempt to
identify safeguard subjects of critical resources and state indicators for LCSA. The study iden-
tifies transport technology as a major safeguard subject and associated transport capacity
and transport efficiency as state indicators, therefore, state and central institutions provide
incentives to promote costly transport technologies. Onat et al. (2016) conducted a study
on assessing sustainable performance of alternative vehicle technologies considering
a two-step approach. The first step includes use of microlevel indicators for environmental,
economic, and social aspects to develop sustainability assessment model; and in the second
step, TOPSIS is used to amalgamate results from the model to develop a final decision.

10.4.3 Water

Another area of infrastructure where studies with integrated application of MADM and
LCSA methods are conducted is in the domain of water. Balkema et al. (2002) conducted
a study to select wastewater treatment systems and integrated all three aspects of economic,
social, and environment to develop a framework highlighting a selected set of sustainability
indicators with trade-off between the indicators. On the other hand, Kalbar et al. (2016)
attempt to compare technologies of wastewater treatment using a scenario-based decision-
making tool. The study developed a tool named “TechSelect 1.0,” which uses an LCSA frame-
work in combination with TOPSIS methodology, while Opher et al. (2018) conducted a study
to examine potential of reusing domestic wastewater. The study took input from 20 experts on
multiple scenarios of domestic wastewater reuse. AHPmethod is used for estimatingweights
of sustainability indicators in an LCSA framework. In another study, Godskesen et al. (2018)
attempted to identify a suitable technology for water supply in Copenhagen. The study
integrated LCC and LCA estimates for multiple scenarios and weights of indicators from
the AHP method.

10.4.4 Energy

Energy sectors involve taking decisions in areas such as energy management, selection
of energy source, or form of energy output, which can produce either lower environmental
impacts, social impacts, and economic viability, or all of them. A study was conducted by
Martı́nez-Blanco et al. (2014) over agricultural energy source with all three components
of LCSA (SLCA, LCA, and LCC) taken into consideration. The study suggested that geo-
graphical scale variations, assessment method, and indicator selection are major hurdles
in the evaluation of SLCA. Similarly, difficulties in evaluation of SLCA are highlighted
by Kunifuji et al. (2016), who integrated ELECTRE and LCA to compare power stations that
operate on wind and thermal energy from North-East Brazil. In another study, LCSA of
the electricity sector in Turkey is introduced by Atilgan and Azapagic (2016), in which three
electricity alternatives (geothermal, hydro, and wind) are compared based on six social,
eleven environmental, and three economic indicators. MADM method is used to consider
all three aspects of sustainability simultaneously, and results indicate hydro-power to be
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the most sustainable solution. Similarly, Azapagic et al. (2016) attempted to compare electric-
ity generation scenarios considering the United Kingdom’s (UK) probable future mix by
developing a framework for decision support named “DESIRES.” The study utilized AHP
for weight estimation for social, economic, and environmental indicators, and integrates
the weights for analysis of LCA, LCC, and SLCA for a time horizon of the next 70years
and scope of “cradle to grave.” In another type of application in the energy sector, Gumus
et al. (2016) attempt to select the best wind turbine for wind energy in the United States
(US). TOPSIS is used in combination with environmentally extended input-output based life
cycle assessment (EE-IO-LCA) with multiple socio-economic and environmental indicators.

10.4.5 Consumption and production

The context of production and consumption is important in day to day life and overall op-
eration of society. Therefore, this section attempts to focus on some application of integration
between sustainability assessment with life cycle thinking and MADM. Foolmaun and
Ramjeawon (2013) used AHP for combining LCC, LCA, and SLCA in a study on comparison
of different methods of postconsumer polyethylene terephthalate (PET) bottles consumption
for Mauritius. SLCA was based on UNEP/SETAC guidelines. Similarly, De Luca et al. (2015)
also usedAHP to develop amethodology to integrate SLCAwith qualitative focus to compare
three different crops of citrus from three different production areas of Calabria in Southern
Italy.Whereas, Angelo et al. (2017) attempted to understand consumption pattern of food and
waste generated from them. The study integrated LCA methodology with a multiattribute
method to develop interactive software, which is used to identify preferred environmental
options for household food waste. Kalbar et al. (2017a) conducted a study on proposing a
method to calculate single scores, which is for environmental decision making and utilized
residential consumption data from Denmark. The study suggests that a liner weighted sum
method is not capable of providing a perspective of stakeholders realistically, and that
TOPSIS, which is a distance-based method was found to be the best MADM method for that
application. In another study, Tziolas et al. (2018) developed a tool that can assess production
from agriculture in multistages involving multiple frameworks of MADM methods (AHP,
VIKOR, ELECTRE, TOPSIS) with life cycle thinking. However, the focus is limited to under-
stand environmental impacts. The above applications of integrated MADM with LCSA
highlight that, although LCC and LCA are widely used, still the majority of studies are
not focusing on SLCA.

10.5 Challenges in the application of MADM for LCSA

As discussed in previous sections, there are many studies applying MADM for LCSA.
However, the detailed analysis of these applications shows that researchers have been facing
numerous challenges while usingMADMmethods for LCSA application owing to the nature
of LCSA indicators. Hence, belowwe have discussed in detail major challenges in application
of MADM for LCSA.
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10.5.1 Choice of MADM method

Adetailed review byGreco et al. (2016) shows that manymethods (more than 100) exist for
solving discrete decision problems. Choosing an MADM method in itself can be posed as an
MADM problem, as suggested by Guitouni and Martel (1998). The first step in using the
MADM approach, as explained in Munda (2005), is to take a stand (value choice) whether
to adopt compensatory approach or noncompensatory approach. Choosing any of these
approaches automatically results in following “weak” sustainability assessments (in the case
of MADM methods based on compensation principle) or strong sustainability assessments
(in the case of noncompensatory assessments) (Kalbar et al., 2017a; Rowley et al., 2012;
Munda, 2005). Kalbar et al. (2017a) specifically demonstrate that linear weighted sum
(LWS), a more straightforward form of compensatory approach, favors extreme solutions.

Each of the MADM methods uses different mathematical principles, and hence, it is nec-
essary to test more than one MADM methods in LCSA. For example, Kalbar et al. (2017a)
report that the use of distance-based MADM (TOPSIS) is a more suited approach than a
relative utility-based approach such as linear weighted sum (LWS) when ranking the individ-
ual’s environmental footprint.

10.5.2 Rank reversal in MADM

Rank reversal, meaning change in ranks of the alternatives due to change in the MADM
methods, or addition, or deletion of criteria, or change of weights, is a well-known and
well-discussed phenomenon. Almost all methods of MADM has the rank reversal property
(Mousavi-Nasab and Sotoudeh-Anvari, 2018; Mufazzal and Muzakkir, 2018). It can be con-
cluded from the studies dealing with rank reversal that rank reversal is unavoidable and
is an underlying property of the MADM approach. However, in some cases (e.g., problems
with dominating alternatives) application of different MADMmethods can result in selecting
the same alternative as the most preferred one.

One of theways to handle rank reversal is restructuring the decisionmaking, e.g., scenario-
based decision making, as demonstrated in Kalbar et al. (2012). The basic approach in
scenario-based decision making is defined as the case/situation-specific weights. By apply-
ing the case-specific weights, more consistent ranking will be generated by any of theMADM
methods.

Hence, it is recommended to structure the decision-problem correctly by articulating
scenarios, and more than one method can be used to identify the most preferred alternative.
Spearman’s rank coefficient can be used for checking the agreement between the ranks
generated by two different MADM methods and if there are more than two MADM
methods used, Kendall’s coefficient of concordance can be used, as demonstrated in Kalbar
et al. (2015).

10.5.3 Dominating alternatives

In a decision problem, there could be multiple numbers of alternatives. Alternatives can be
divided into two groups, such as alternatives that are dominated and nondominated alterna-
tives (Kalbar et al., 2017a). An alternative can be called dominated if there exists another
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alternative performing better in at least one of selected attributes and performs equally in
other attributes. In the case of a large number of alternatives in decision making, identifying
and utilizing only the nondominant alternatives is essential and significantly decreases the
efforts required for finding a feasible alternative (Calpine and Golding, 1976). The set of
nondominated alternatives is also known as “Pareto-optimal.” Removing dominated alterna-
tives from the alternatives is optional; however, it increases unnecessary noise in the overall
decision-making process and, considering limited processing capability of decision-makers,
develops a condition which is ex ante worse. Literature suggests that presence of dominated
alternatives in the decision matrix can cause asymmetric dominance effect or attraction effect
(Huber et al., 1982), compromise effect (Simonson, 1989), and similarity effect (Tversky, 1972),
thus influencing the decision process. Additionally, according to Montgomery and Will�en
(1999), the decision maker’s tendency of justifying or protecting their selected alternative
adds uncertainty. Therefore, initial development of Pareto-optimal set of alternatives is most
desirable.

The process of identifying nondominant alternatives as an introductory refining process is
a well-utilized concept throughout the literature. Hwang and Yoon (1981) suggested identi-
fication of the nondominated alternatives is tricky and, therefore, suggested some methods
like “dominance,” “permutation method,” and “ELECTRE,” which could help in the process
of identification. Dominance method successively compares two alternatives at a time and
deletes the dominated alternative in each step. Whereas, in the permutation method, first,
attempts are made to identify the best ordering of ranking and then identify the dominated
alternatives. ELECTRE method makes a pairwise comparison of alternatives and the weights
help in supporting or denying the dominance relationship among alternatives. But, as men-
tioned in Section 10.5.1, a distance-based method like TOPSIS is more appropriate than
relative utility-based method like LWS; therefore, for distance-based methods with internal
reference data, Kalbar et al. (2017b) recommend choosing Hasse diagram technique as the
most appropriate technique for identifying dominating alternatives. The method is appropri-
ate due to its simplicity in a pictorial representation of relationships.

10.5.4 Consistency of inputs on indicators

The decision-maker provides information or inputs on indicators related to the decision
problem. However, measuring consistency in the provided information is essential as it in-
fluences the results. Consistency can be affected by condition of preferential independence
and dependency (Waas et al., 2014; Figueira et al., 2005). Preferential independence is the con-
dition in which preference of one indicator over another indicator is not affected by any other
existing indicator. However, any MADM problem is rarely free from this condition, as some
of the selected indicators may have some level of interaction (Liou and Tzeng, 2012; Tzeng
and Huang, 2011; Triantaphyllou, 2000). In MADM, there is a general assumption that indi-
cators are independent of each other. Hence, the results of MADM are not certain, due to lack
of understanding in trade-offs among indicators. A detailed approach to check preferential
independence using the trade-off method of preference level of indicators is given in Figueira
et al. (2005). It is recommended that if interdependence exists among a specific set of indica-
tors, then decision-makers should attempt to group the indicators or break indicators with
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unique characteristics. Kalbar et al. (2017a) used linear regression across the indicator scores
to assess preferential independence. Similarly, inputs of an indicator are consistent if it sat-
isfies the condition of asymmetry, transitivity, and comparability.

A detailed discussion about the above requirements and their significance with examples
is provided in French (1986). Sepp€al€a et al. (2001) suggest that if inputs for an indicator have
different units then to be consistent during analysis, all the indicators must be transformed
into a common dimensionless unit using an appropriate normalization approach. Different
methods use different aggregation methods with varied types of inputs and have different
procedures for transformation of indicators. Therefore, it is recommended that an aggrega-
tion model must be selected before collecting inputs from stakeholders (Sepp€al€a et al.,
2001). In specific cases, a set of indicators may have negative values compared to another
set of indicators with nonnegative values. During this type of scenario, the indicator scores
should be normalized within a value range of 0 to 1 or �1 to 1 (excluding strict negative
and positive values) using suitable normalization technique, thus helping in attaining consis-
tency during analysis (Rowley, 2012).

10.5.5 Weighting of the indicators

Weighting is an essential step in MADM, which facilitates the incorporation of stake-
holders’ preferences. Different weighting sets are subjective, and representing various
stakeholder groups, can be formed to observe the change in the results (Kalbar et al.,
2017a). Zardari et al. (2015) report that pairwise comparison, point allocation, ratingmethods,
trade-off analysis, and ranking methods are commonly used methods for weighting of
indicators. Each of these weighting methods has its extent of disadvantages (inaccuracy,
confusions regarding foundation of involved theory, and complexity). For example,
Wang et al. (2009) suggest the “equal weights method” is the easiest and most popular
method of assigning weights and requires minimal knowledge or input from decision-maker;
however, equal weights method does not take into account difference in criteria and their
significance in a decision problem. Also, equal weights method does not weight the attribute
equally in its absolute sense, in the case where more than one attribute characterizes a
criterion.

Ahlroth et al. (2011) provided a taxonomy of all available weighting methods divided into
monetary and nonmonetary methods. Kalbar et al. (2017a) report that the most commonly
used monetary methods of weighting are converting impacts or damages into monetary
valuation using willingness-to-pay, and converting damages into cost incurred andmidpoint
impacts; and the most commonly used nonmonetary weighting methods are distance-to-
target and panel methods. Panel methods can also be known as subjective weighting (SW).
There are a number of other methods for eliciting weights. Wang et al. (2009) suggests that
other methods of weighting are objective weighting (OW) and combined weighting (CW).
In OW, weight is obtained from mathematical models. CW is a combination of both SW
and OW. Pair-wise comparison, entropy, and additive synthesis are some of the popular
SW, OW, and CW methods, respectively. Zardari et al. (2015) and Eckenrode (1965) suggest
that methods that directly take weights may not be accurate; therefore, a method should be
selected that derives weights from given information. Additionally, one must also look at
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some other matters during selection of weighting method such as type of scale use, time
required to collect information and analysis, and DM’s understanding of the domain.
For example, the pair-wise comparison is suitable for a lower number of indicators, but for
a significantly higher number of indicators, the ranking method becomes efficient. Hobbs
(1980) showcased that different weighting methods lead to different results. Therefore, the
decision of an appropriate weighting method is crucial for MADM. Scenario creation in the
decision-making problem helps in formulating case-specific weighting set (Kalbar et al.,
2012), and conducting sensitivity analysis of the weights is also important (Dhiman et al., 2018).

10.5.6 Uncertainty and sensitivity analysis

To validate results from a selected MCDA method, both uncertainty and sensitivity anal-
ysis is essential. Kleijnen (1994) suggests that sensitivity analysis is also known as “what-if”
analysis, which is when the model is subjected to extreme values and limited to a set of
scenarios in which a real system could be analyzed and experimented (Figueira et al.,
2005). For example, what if the queue in a line doubles, or what-if a rule is changed for a
service from first-in-first-out (FIFO) to last-in-first-out (LIFO). Sensitivity analysis answers
two problems. One is to understand criticality of each indicator in an overall change of
results and second is to identify by what extent of alteration could change the overall results
(Kalbar et al., 2012; Triantaphyllou, 2000). Whereas, there will always be inherent uncertainty
involved in a decision problem, as a DM does not know everything with certainty, and
complexity of a decision increases with increased uncertainties, therefore, a DM should
always try to minimize uncertainties associated with different areas of a decision problem
to find out the best solution possible (Nikolaidis et al., 2004).

Nikolaidis et al. (2004) classify uncertainty into two categories: aleatory and epistemic.
Aleatory uncertainty is the uncertainties that are out of the scope of DMs, whereas, epistemic
is fully dependent on the set of choices made by DMs. There are majorly four types of
epistemic uncertainties, which are related to (i) data uncertainty, (ii) weighting uncertainty,
(iii) normalization uncertainty, and (iv) indicator uncertainty (Miller et al., 2017; Beltran et al.,
2016; Clavreul et al., 2013). Data uncertainty involves use of inaccurate data or inputs with
multiple values for analysis, thus resulting in varied models depicting reallife scenarios.
Whereas, there are different approaches to gather weight or assigning weight with varying
levels of stakeholder involvement and analysis (Miller et al., 2017; Zardari et al., 2015).
Data and weighting uncertainties get effected by stochastic, parameter, heterogeneity, and
structural uncertainties, and detail of these uncertainties with examples are provided in
Briggs et al. (2012). A detailed methodology and Monte Carlo simulation is suggested by
Barfod and Salling (2015) to handle data and weighting uncertainty, respectively. Huppes
and van Oers (2011) suggest that weighting is done to compare different types of impacts
in LCSA, however, for comparing different types of impacts, there is a need to convert
different impacts to a same level or unit.

Normalization helps in the conversion of impacts and is a mandatory step in the integra-
tion of MADM with LCSA. However, there are different normalization techniques available
in the literature, mentioned in Section 10.3.2, having different procedures to handle low and
high values (Miller et al., 2017). A good practice to minimize normalization uncertainty is to
use different normalization techniques on the same problem andmake a judicious decision on
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top performers (Kalbar et al., 2017a). Finally, indicator uncertainty involves selection of indi-
cators in a study that are irrelevant or incomplete (Heijungs and Huijbregts, 2004). Addition-
ally, uncertainties could also be associated with the framing of the problem, selection of
method for aggregation, and levels of selected attributes (Scholten et al., 2015). There is no
clearly documented way to fully remove the uncertainty as the indicator selection is a sub-
jective process and depends on the domain(s) knowledge of involved researcher(s).

Tzeng and Huang (2011) suggest that before proceeding with MADM analysis, data must
be put into a histogram and their distribution with standard deviation should be checked.
If the distribution is nonnormal and standard deviation is significant, then sensitivity analysis
is mandatory duringMADM analysis. Sensitivity analysis must precede uncertainty analysis
(Kleijnen, 1994).

10.5.7 Interpretation of the results

Results from an analysis in MCDA typically involves ranking of alternatives concerning a
specific set of attributes. The results are obtained in the form of an aggregated index and need
further interpretation for deriving correct decision support. For example, Figueira et al. (2005)
and Munda (2005) conducted studies on four different cities using a distance-based method
such as TOPSIS. The studies suggested that results from MADM analysis cannot blindly be
relied upon. Even if different types of aggregation schemes are used and still the results are
not robust, then reconsideration of areas related to uncertainties mentioned in Section 10.5.6
must be completed. Therefore, it is recommended that in MADM analysis, robustness of the
decision process is more critical compared to the final solution.

Similarly, LCSA also has a major challenge in its interpretation of results, where the
integration of three different tools (LCA, LCC, and SLCA) is required to produce a collective
result (Hannouf and Assefa, 2017). Zhang and Haapala (2015) suggested the use of MADM
approaches as an efficient way of developing frameworks to integrate the tools and interpret
combined results. Zampori et al. (2016) provided general guidelines to interpret results,
in which identification of significant issues can be achieved by the use of MADM methods.
Additionally, the study also recommended conducting thorough checks like completeness of
inventory data, sensitivity analysis to assess reliability of results, and consistency check of
methods and assumptions. There has not been sufficient work on the interpretation of results
in MADM integrated with LCSA. One of the efforts for interpretation of MADM results is
using radar diagrams, as demonstrated by Kalbar et al. (2012).

The results of ranking in LCSA based onMADMare an aggregated score, i.e., a single value
for each indicator. Considering all the methodological choices, data uncertainties, effects
of weights, and MADM methods limitations (e.g., rank reversal), unless the topmost ranked
alternatives have a significant difference in the score from the second most alternative, that
alternative cannot be concluded as the best performing one. For example, Kalbar et al. (2016)
implemented an approachwherein such cases, the top two to three alternatives having almost
equal scores will be concluded as most-preferred alternatives.

In a reallife situation, as best practice, it is recommended to apply multiple MADM
methods for the given problem with different weighting schemes reflecting the priorities
of stakeholders. The alternatives that are frequently ranked as topmost can be concluded
as the most preferred ones.
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10.6 Proposed framework for MADM based LCSA

The challenges discussed above suggest that there is a need for a systematic framework
for carrying out LCSA based on MADM. The literature shows that many studies have
attempted to use more refined indicators in decision making. For example, end points
obtained from LCA are used for decision making, however considering the uncertainties
in the impact assessment and damage models, such indicators may not be currently suited
for LCSA. Hence, as demonstrated in Niero and Kalbar (2019) and Sohn et al. (2017),
midpoint indicators from LCA can be combinedwith other indicators frommaterial intensity,
energy intensity, as well as economic and social indicators using MADM. Here we propose
such a framework for MADM based LCSA, as shown in Fig. 10.1.

Step 1: Setting up goals and indicators.
Sustainable development is majorly dependent on three pillars (social, economic,
and environmental). Each of the pillars includesmultiple indicators, which explains
the pillar’s major area of concentration. Selection of the indicators for each of the
pillars must consider geographic or regional socio-economic-environmental
suitability. Therefore, the indicators selected must be dependent on the problem
into consideration and available resources in front of DMs without forgetting the
core of sustainable development.

The steps which can be followed during selection of indicators are as follows:
i. Firstly, define the problem that needs to be solved.
ii. Break the problem into smaller components or subproblems or scenarios.
iii. Identify methods/indicators from the literature which are suitable to the

subproblems.
iv. Filter the methods/indicators according to suitability and overlapping,

and if necessary, modify methods/indicators as per regional requirements.
v. Finally, review the methods/indicators for its relevance

Step 2: Divide the selected sustainability assessment methods/indicators into social,
environmental, and economic criteria.

Step 3: Perform detailed analysis using methods such as LCA to obtain environmental
indicators, LCC to obtain economic indicators, and SLCA to get social indicators.

Step 4: Transformation and normalization: transform the attributes and carry out
normalization to obtain indicator scores in commensurate units.

Step 5: MADM method
Choice of MADM method: Necessary to test multiple MADM methods.
Selection of MADM method must consider the type of data available on selected
indicators (qualitative and quantitative), representation of results (performance
score, distance to target, ranking, visual interpretation or probability), transparency
of a method, computational time, and cost of data collection.
Rank reversal: Restructuring of decision problem through scenario-based decision
making by applying case-specific weights can address the issue of rank reversal to
some extent.
Deletion of dominating alternative: Any of the methods such as dominance method
or Jaquet-Lagrkze’s successive permutationsmethod or any outranking approach is
suitable, and each of these methods has their limitations. However, Hasse diagram
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FIG. 10.1 Proposed framework for LCSA using MADM.
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method seems to be a more appropriate technique due to its simplicity and pictorial
representation of relationships.

Step 6: Consistency of inputs on indicators: Partial check for preferential interdependence
must be checked. In case there exists dependency within the indicators, indicators
selection can be revisited in Step 1. For example, combine multiple indicators with
dependence or break dependent indicators into multiple subindicators. Similarly,
inputs must be checked for asymmetry, transitivity, and comparability, and if
negative values of indicators exist, then normalization of data is appropriate.

Step 7: Selection of weighting methods for indicators: Different weighting method produce
different results. Therefore, use of multiple weighting methods is recommended
and carrying out sensitivity on weights.

Step 8: Apply MADM method using the weights for indicators and impacts (Scores) from
Step 3 to obtain integrated final impact.

Step 9: Uncertainty and sensitivity analysis: As there are number of sources of uncertainty
in LCSA based MADM approach, detailed uncertainty and sensitivity analysis
should be performed.

Step 10: Interpretation of results from the analysis: MADM results are usually obtained as
single scores and hence need further interpretation. This is an essential step where
the final scores should be validated with the data and methods used for LCSA.

Step 11: Report the final aggregated impact with recommendations and share the results
with stakeholders for feedback.

10.7 Conclusions

LCSA is a fast-developing field, and numerous efforts are being made to refine the frame-
work and associated methods used for sustainability assessment. In this work, we have taken
stock of using different MADMmethods for LCSA. The basic structure of LCSA is described
in detail and highlighted the suitability of MADM methods in integrating indicators
with LCSA.

The review of applications of MADM for LCSA showed that there are numerous chal-
lenges of applying MADM to LCSA. The challenges of MADM application are discussed
in detail. A framework is proposed for carrying out LCSA using MADM. The framework
is also able to highlight tackling of challenges in integratingMCDAwith LCSA, such as, dom-
inating alternatives, choice of appropriate MADM method, consistency of inputs on indica-
tors, selection of weighting methods for indicators, and uncertainty and sensitivity analysis.

One of the critical issues identified is the choice of MADM method for LCSA. It is
recommended that there is no unique suitable MADM method for LCSA, and hence,
it is suggested to define scenarios for the given decision-making situation in LCSA. Once
the scenarios are articulated, accordingly, more refinedweights can be given to the indicators.
Using this set of weights, if more than oneMADMmethod ranks the same alternative as most
preferred then such an alternative can be conclusively identified as more sustainable than the
other one based on LCSA coupledwithMADMapproach. In addition, there exist manymeth-
odological uncertainties while implementing LCSA (choice of assessment methods, data
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quality issues, choice of MADM methods), and hence, we recommend that unless the alter-
native ranked at the top has a significant difference in the score than other alternatives;
all top 2–3 alternatives should be chosen as best ones.
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11.1 Introduction

Although industrial systems play a critical role in the global economy, they also cause a
variety of environmental burdens and social issues. Therefore, the concept of sustainability
or sustainable development has been a hot topic for the industrial systems, which aims to im-
prove the performances of environmental impacts, economic prosperity, and social respon-
sibilities, simultaneously (Heijungs et al., 2010; Xu et al., 2018a). However, the traditional
sustainability assessment only focuses on the manufacturing stage of the industrial system,
failing to track the comprehensive performance/impacts with respect to the stages of
construction, production, transportation, utilization, and disposal of the investigated system.
For addressing this issue, a life cycle perspective can bring powerful insights into the sus-
tainability assessment of industrial systems, by providing extended information on the
traditional triple-bottom-line (TBL) sustainability, as depicted in Fig. 11.1, where environ-
mental, economic, and social concerns can be fully collected and then evaluated along the
whole supply chain, from extraction of raw material to its end of life (Heijungs et al., 2010;
Xu et al., 2017). As an emerging method for assessing the sustainability of industrial systems
with life cycle thinking, the life cycle sustainability assessment (LCSA) could be essentially
denoted as the combination of three life cycle-based assessment tools, i.e., the environmental
life cycle assessment (E-LCA or LCA) for environmental impacts, life cycle costing (LCC) for
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economic prosperity, and social life cycle assessment (S-LCA) for social responsibility, which
is preferred to be denoted as LCSA¼E-LCA+LCC+S-LCA (Heijungs et al., 2010).

However, assessing the sustainability of industrial systems from a life cycle perspective is
still at its development stage. In order tomake a contribution to this issue, this chapter offers a
reviewregarding the life cycle sustainability criteria for theprioritizationof industrial systems;
inwhich, typical environmental, economic, and social indicators from thewell-known tools of
E-LCA, LCC, and S-LCA are summarized, while some other typical indicators that can be
employed for evaluating the life cycle-based sustainability of the industrial systems are also
introduced. Subsequently, a composite life cycle sustainability index for the prioritization of
industrial systems is developed, which can effectively aggregate multiple criteria from the
environmental, economic, and social concerns into a composite index. Thedeveloped compos-
ite index is characterized by integrating the absolute score and relative balance of the
multi-criteria in a compromise way for offering a rigorous ranking result, while its feasibility
and robustness are also confirmed by implementing a case study and sensitivity analysis.

11.2 Life cycle environmental indicators

With an increasing prominence of environmental problems from the middle of the twen-
tieth century, multiple indicators are available for evaluating the environmental performance
of the industrial systems. In this section, the indicators from the life cycle assessment, from the

FIG. 11.1 From sustainability assess-
ment to life cycle sustainability
assessment.
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footprint assessment, and some typical indicators that can be employed for evaluating the life
cycle-based environmental performance of industrial systems are introduced.

11.2.1 Introduction of the environmental-life cycle assessment

Environmental life cycle assessment (E-LCA), also known as life cycle assessment (LCA), is
an approach that covers a wide range of environmental concerns regarding a product
throughout its entire lifetime, from raw material acquisition to the disposal of the product
at the end. According to the literature (De Menna et al., 2018; UNEP/SETAC, 2009; Verma
and Kumar, 2015), there are four stages involved in the E-LCA:

1. Determination of purpose and scope: this stage describes the functional units, system
boundaries, data distribution process, and data quality requirements of an investigated
system.

2. Inventory analysis: this stage establishes a list of inputs and outputs regarding the energy
and material data, where the demand data for calculating the assessment indicators can be
collected.

3. Impact assessment: this stage converts the collected demand data into specific impact types
and indicator parameters, for facilitating the understanding of the environmental impact of
the system from the life cycle perspective.

4. Interpretation of the results: this stage offers further interpretations by testing the
completeness, sensitivity, and consistency. The final conclusions, suggestions, and
limitations of the system can be given in this stage.

11.2.2 Environmental indicators from E-LCA

With an increasing interest in sustainability, E-LCA has become a very popular tool for
representing the environmental concerns of the industrial systems from the life cycle perspec-
tive. Naturally, the indicators within the E-LCA have been frequently employed for sustain-
ability prioritization. In the life cycle sustainability assessment, E-LCA is considered as a
systematic tool that evaluates the environmental impacts occurring throughout the entire life
cycle of an industrial product, process, or activity. In E-LCA, various indicators can be used
for the environmental assessment, which are usually the manifestation of some environmen-
tal problems (Hermann et al., 2007). Among the popular E-LCA tools, methods like CML2001,
EDIP97, and Eco-indicator 99 can be used for developing the environmental indicators
(Dreyer et al., 2003). Generally, there would be eleven indicators that are suitable to be used
for evaluating the environmental performance of the industrial systems, which can be clas-
sified into three main categories including resources, ecosystems, and human health (Van
Hoof et al., 2013). As can be observed in Fig. 11.2, the indicators of depletion of abiotic re-
sources, depletion of biotic resources, and land use represent the concerns of the resources;
land use, ecotoxicity, eutrophication, acidification, and climate change stand for the concerns
of the ecosystems; while the indicators of climate change, photo-oxidant formation, strato-
spheric ozone depletion, human toxicity, and carcinogenic substances belong to the category
of human health. Notably, the indicators of land use and climate change can be used for
representing different concerns according to the actual conditions of the investigated system.
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As concluded in Table 11.1, the eleven indicators can be calculated by the E-LCA tools, i.e.,
CML2001, EDIP97, and Eco-indicator 99, while the basic definition of each indicator is also
offered in Table 11.1. Although the three E-LCA methods can be used for developing the
environmental indicators, differences can be found among them, i.e., CML2001 is an adapted
version of an integrated multimedia model (USES) that focuses on evaluating the risk sub-
stances, while EDIP97 employs a simplemodular fatemodel for the evaluation, which focuses
on identifying the environmental key properties of chemicals; while between EDIP97 and
Eco-indicator 99, the manners to assign the weight as well as to aggregate the index are
different, which may cause different results in the assessment (Dreyer et al., 2003). Accord-
ingly, choosing a proper E-LCA tool according to a certain research focus is an important step
for creating a rational environmental index system.

Considering the E-LCA indicators are the most frequently adopted ones for evaluating the
environmental performance of industrial systems, an example regarding the hydrogen pro-
duction system is offered here for illustrating the procedures of E-LCA, as depicted in
Fig. 11.3, where the research boundary should be defined first. Subsequently, the raw mate-
rials and energy that are consumed in the systemwithin the boundary, and the outputs of the

FIG. 11.2 Classification of the environmental assessment indicators in E-LCA. Adapted from Van Hoof, G., Vieira, M.,

Gausman,M.,Weisbrod, A., 2013. Indicator selection in life cycle assessment to enable decisionmaking: issues and solutions. Int. J.
Life Cycle Assess. 18(8), 1568-1580.
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system should be collected. After selecting the E-LCAmethodology (like CML 2 baseline 2000
V2.04), the environmental index can be created according to the actual conditions of the in-
vestigated case, while for a hydrogen production system, the indicators of global warming,
depletion of ozone layer, photochemical oxidant formation, acidification, human toxicity,
non-biological resource consumption, eutrophication, human toxicity, and land use are
frequently considered (Dufour et al., 2009; Jolliet et al., 2018). Based on the established index
system, software like GaBi or SimaPro can be employed for calculating the data of each in-
dicator of the hydrogen production system; while the E-LCA results can then be analyzed
according to the software evaluation results.

TABLE 11.1 Environmental indicators from E-LCA (Bruijn et al., 2002).

Indicator (Unit) Description

Method

CML

2001

EDIP

97

Eco-

indicator

99

Depletion of abiotic
resources (kg)

It represents the non-living resource consumption, like
iron ore and crude oil

√ √

Depletion of biotic
resources (kg)

It represents the consumption of biological resources, like
rainforests and animal resources

√

Land use (m2) It represents the land used by the system, which covers a
range of consequences of human land use

√ √ √

Climate change
(kg CO2)

It represents the impact of human emissions on the earth’s
environment and atmosphere

√ √

Stratospheric ozone
depletion
(kg CFC-11)

It represents the thinning of the stratospheric ozone layer
caused by anthropogenic emissions

√ √ √

Ecotoxicity
(kg 1,4-DCB)

It represents the impacts of toxic substances on aquatic,
terrestrial, and sediment ecosystems

√ √ √

Photo-oxidant
formation
(kg ethylene)

It represents the photochemical smog caused by the
oxidation of some major atmospheric pollutants

√ √

Eutrophication
(kg PO4)

It represents the excessive nutrient levels in the
environment, especially nitrogen and phosphorus

√ √ √

Acidification (kg SO2) It represents the acidifying pollutants that have impacts on
soil, water, biological organisms, ecosystems, and
materials

√ √ √

Human toxicity
(kg1,4-
dichlorobenzene)

It represents the impact of toxic substances discharged into
the environment, which have impacts on human health

√ √

Carcinogenic
substance (kg)

It represents the level of toxic substances that pose a fatal
threat to the human body

√
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11.2.3 Environmental indicators from the footprint assessment

For determining the environmental performance of the industrial systems from the life
cycle perspective, calculation method environmental “footprints” can also be employed
(Burman et al., 2018), where the different “footprints” measure the consumption of natural
resources (Hoekstra, 2009) and describe the human activities that impact on sustainable de-
velopment (UNEP, 2009). Considering that several footprint evaluation methods can be
used in the life cycle sustainability assessment of industrial systems, corresponding indica-
tors are offered here for representing the environmental performance, as depicted in
Fig. 11.4, including ecological footprint, water footprint, carbon footprint, energy footprint,
emission footprint, nitrogen footprint, land footprint, and biodiversity footprint (Alvarez
et al., 2016). For more detailed information regarding footprint-based indicators, see
Table 11.2.

Among the multiple footprints, the carbon footprint, water footprint, and ecological foot-
print are the most commonly used ones in the environmental assessment of industrial sys-
tems; which are correspondingly related to the hot issues of global warming, depletion of
water resources, and ecosystem destruction. Although the other footprints are not as popular
as the above-mentioned ones, they are still effective indicators in specific situations and can be
employed for particular goals, such as addressing the concerns regarding the energy utiliza-
tion, the emission reduction, and the land occupation, etc.
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FIG. 11.3 Hydrogen production system framework. Adapted from Dufour, J., Serrano, D., Galvez, J., Moreno, J.,

Garcia, C., 2009. Life cycle assessment of processes for hydrogen production. Environmental feasibility and reduction of green-

house gases emissions. Int. J. Hydrog. Energy 34(3), 1370–1376
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11.2.4 Other typical environmental indicators

As a research focus during the past decades, the environmental assessment of the indus-
trial systems has been well-developed, offering a great number of indicators that can be
adopted for creating a comprehensive environmental index system. In this sub-section, some
other typical indicators are summarized. Consequently, users can select proper indicators
according to their preferences and the actual conditions of the investigated system.

Except for the environmental indicators summarized in Table 11.3, some other criteria,
such as the energy balance (consumptions and/or savings), use of materials (mass flows),
(Ibáñez-For�es et al., 2014), the degree of clean production (Cobuloglu and B€uy€uktahtakın,
2015), etc., could also be used as alternative indicators for assessing the environmental per-
formance of an industrial systems with life cycle thinking.

FIG. 11.4 Multiple “footprints” for life cycle-based environmental evaluation.
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TABLE 11.2 Environmental indicators from the “footprint” (�Cu�cek et al., 2012; Rees, 2016; Hoekstra, 2008;
Chen and Lin, 2008; Sandholzer and Narodoslawsky, 2007; Leach et al., 2012; Wiedmann and Lenzen, 2007).

Indicator Content Description Tool

Ecological
footprint
(m2)

1. Arable land It measures the amount of “biologically productive”
land or water that enables sustainable development,
including sub-indicators like the use of arable land,
pasture land, forest/woodland, built-up land,
productive sea space, and forest land to absorb CO2

RegiOpt,
Bottomline

2. Pasture land

3. Forest/woodland

4. Built-up land

5. Productive sea space

6. Forest land to absorb
CO2

Water
footprint (L)

1. Blue water It refers to the total amount of fresh water used,
consumed, or polluted, directly or indirectly. In
which, blue is the consumption of surface and
groundwater, green is the total consumption of
rainwater resources, grey is the amount of water
needed to be treated for satisfying the water quality

Mathematical
programming
tools2. Green water

3. Grey water

Carbon
footprint
(kg)

/ It represents the total amount of carbon dioxide and
other greenhouse gases (GHGs) emitted during the
entire life cycle of a process or product

Carbon
footprint
calculators

Energy
footprint (J)

1. Renewable energy
footprint (wind, solar,
etc.)

It refers to the total energy consumption of the
evaluated object in a certain period (except for the
food consumption), which is used to indicate the
energy dependence of a system, service, or product

Mathematical
programming
tools

2. Fossil or fossil
energy footprint

Emission
footprint
(kg)

/ It is the total amount of emissions that a system or
product releases into the air (SO2, particles, CO, CO2,
etc.), water (COD, etc.), and soil (waste residue)

Mathematical
programming
tools

Nitrogen
footprint
(kg)

/ It refers to the total amount of nitrogen compounds
emitted by the system, product, or human activities
(all of the nitrogen species except for N2)

Mathematical
programming
tools

Land
footprint
(m2)

/ It refers to the actual land area needed to produce a
product, or establish a system, or implement human
activities

Mathematical
programming
tools

Biodiversity
footprint

/ It represents the loss of biodiversity or excessive
depletion of biological resources caused by a system
or product

Mathematical
programming
tools
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11.3 Life cycle economic indicators

In the triple-bottom-line-based sustainability assessment, the economic prosperity always
plays a critical role for determining the overall sustainability of the industrial system,
resulting in the development of economic indicators, such as the capital cost, production cost,
operating and maintenance cost, feedstock cost, and replacement cost, etc. However, these
indicators only focus on the costs or economic benefits of a sole stage (especially the
manufacturing stage) of the industrial system, failing to measure the “cradle to grave” cost.
Therefore, some useful economic assessment tools have been developed for evaluating the
economic performance from the life cycle perspective, which can take into account the costs
of designing, developing, running, and disposing of the industrial system.

11.3.1 Introduction of life cycle costing

Life cycle costing (LCC) is amethodology that canmeasure all costs related to an industrial
system over its entire life cycle, which is preferred to evaluate the system that has a long life-
time and/or high maintenance, use, or disposal costs. Typically, the whole life cost of an in-
dustrial system could embrace the costs regarding purchase, installation, operating and
maintenance, financing, and depreciation. Accordingly, the life cycle costs could be generi-
cally presented as: LCC¼ initial capital costs+lifetime operating costs+lifetime maintenance
costs+rehabilitation costs+disposal costs�residual value (Li et al., 2017). To some degree,
life cycle costing is similar to environmental-life cycle assessment, where the goal and scope

TABLE 11.3 Other typical indicators for the environmental assessment of industrial systems (Acar and Dincer,
2014; Kaya and Kahraman, 2010; Garcı́a-Gusano et al., 2016; Aranda Usón et al., 2013).

Indicator Description Method

Energy
efficiency

The ratio of energy output to total energy input
that can be effectively utilized in the energy
conversion process

η¼ (m�LHV)/Ein

wherem is the mass flow rate of the investigated
system, LHV is its lower calorific value, and Ein is
the energy input rate of the process

Exergy
efficiency

It is also an efficiency, which is defined as useful
output by consumed input, which is a measure
of the thermodynamic perfection of the system

ψ¼ (m� exch)/Exin
wherem is the mass flow rate of the investigated
system, exch is its chemical exergy, and EXin is the
exergy input of the process

Noise It refers to the environmental impacts regarding
sound, which would be harmful to human
health

The impact of noise on the environmental
sustainability depends partly on the decibel level
of the sound and partly on people’s level of
acceptance

Technical
maturity

It refers to the state-of-the-art of the adopted
technologies in the system

It is a subjective indicator, which relies on the
experts’ experience and judgment

Waste
management

It refers to the activities and measures for
reducing and managing the waste generated by
the system

It includes the waste generation, collection,
transportation, storage, and disposal, which
should be determined by the life cycle inventory
analysis
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(i.e., system boundaries) and other aspects need to be defined with the decisions conducted
for the E-LCA in order to obtain an overall consistent analysis.

11.3.2 Economic indicator from the LCC

For conducting life cycle costing of an industrial system, several ways, such as analogy
model, parametric model, and engineering cost model, can be employed, in which the costs
for investment, operation andmaintenance, and feedstock are usually accounted into the total
cost. In addition, the recycling and disposing costs are also frequently integrated. Recently,
the cost from the environmental impact (like carbon emission cost) has been suggested as
worthy of consideration, as it is likely that emission and pollution of an industrial systemwill
be charged in the near future. As can be observed in Table 11.4, some typical items are sum-
marized, which could be selected and then combined for calculating the indicator of LCC. For
fully understanding the economic indicator from the LCC, the detailed description regarding
each categorized cost can be found in Table 11.4, while a well-established example regarding
the LCC performance of the hydrogen production system is offered below (Fig. 11.5).

As can be observed in Fig. 11.5, multiple stages are involved in the water electrolysis-based
hydrogen production system. Accordingly, several categorized costs should be accounted into
the total cost, including the capital cost (CC), operating andmaintenance cost (CO&M), feedstock
cost (CF), replacement cost (CR), salvage value (CSV), and carbon emission cost (CCE).

TABLE 11.4 Typical items for calculating the LCC of an industrial system (Ibáñez-For�es et al., 2014; Li et al.,
2017; Wood and Hertwich, 2012; Ren et al., 2018).

Item (Unit) Description

Capital cost ($, ¥, …) It refers to the fixed one-time cost of purchasing land, buildings, construction, and
equipment, which is the total cost of bringing the investigated system to a
commercially viable state

Operating & maintenance
cost ($, ¥, …)

It refers to all the costs required in the operation or sales of the investigated system;
the costs of labor, laboratory services, utilities, administration, and all energy and
material flows are also included

Feedstock cost ($, ¥, …) It refers to the cost of raw materials required by the system to produce or start
operation, which may be purchased, homemade, or commissioned external
processing

Salvage value ($, ¥, …) It refers to the residual value of the dismantled or cleaned fixed assets in the system,
representing the part that can be reused or sold as useful materials, which can be
obtained from the resale or recycling of equipment after the dismantling of an
industrial system

Replacement value ($, ¥, …) It refers to the amount of cash or cash equivalent required to pay for the same asset in
accordance with the current market conditions. In practice, replacement cost is
mostly used in the measurement of fixed assets

Emission cost ($, ¥, …) It refers to the cost regarding the cost for environmental impacts of an industrial
system, such as the carbon emissions, eutrophication effect, acidification effect, and
winter smog effect. Among them, the cost of carbon emissions would be one of the
most important factors that need to be integrated into the LCC
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By referring to thework of Li et al. (2017), the indicator of LCC regarding the hydrogen produc-
tion system can be mathematically determined as in Eq. (11.1).

LCC¼CC +CO&M +CF +CR +CCE�CSV (11.1)

Since analyzing the cash flows at different times for an industrial system is quite important
for the stakeholders (Zakeri and Syri, 2015), Eq. (11.1) is suggested to be transformed into
Eq. (11.2) for better capturing the characteristic of cash flows of the investigated system.

LCC¼CC +
Xn
i¼1

CO&M,i

1 + rð Þi
+
Xn
i¼1

CF, i

1 + rð Þi
+CR +CCE� CSV

1 + rð Þn (11.2)

where n represents the life of the investigated system in years, and r is the discount rate, which
is the interest rate used to determine the present value of future cash flow.

In one step forward, the decision-makers/stakeholders would adopt the payback period to
evaluate the economic performance of the hydrogen production system, which represents the
time required for the net income generated by the system to equal the initial investment.
Based on the literature (Li et al., 2017), this indicator can also be employed as a life cycle-based
economic criterion, which is determined by solving Eq. (11.3).

Xk
i¼1

Cnet�income�Cproduc�cos t

1 + rð Þi
+CSV�CC�CCE ¼ 0 (11.3)

11.3.3 Economic indicators from other economic assessment tools

Except for the traditional Life Cycle Costing for measuring the “cradle to grave” cost for an
industrial system, some other methods can also be extended into the life cycle perspective for
the economic evaluation. Here, two economic assessment tools, as well as their corresponding

FIG. 11.5 An illustrative example of the electrolysis water-based hydrogen production system.
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indicators, are introduced by referring to the work of Ibáñez-For�es et al. (2014). In this, the
tool of economic parameters can be adopted for analyzing the cost-effectiveness of an in-
dustrial system, which typically embraces three indicators including the total annual cost,
the net present value, and the economic potential; while the tool of cash flows can be
utilized for measuring the economic balance of all the incoming and outgoing cash flows
regarding the investment of an industrial system, where both the expenditure and profits
should be taken into account. Detailed descriptions of the involved indicators can be
found in Table 11.5.

11.3.4 Other typical economic indicators

Among the existing researches regarding life cycle sustainability assessment, some other
economic indicators have been developed for representing the economic performance/im-
pact/potential of an industrial system. In this sub-section, other typical economic indicators
are summarized in Table 11.6. Consequently, users can select proper indicators according to
their preferences and the actual conditions of the investigated system.

For measuring the economic performance of an industrial system with life cycle thinking,
the LCCmethod is strongly suggested due to its high flexibility and easy operation, as well as
its good connection with the environmental and social assessment (De Menna et al., 2018).
However, in order to offer a more comprehensive economic evaluation result, the indicators
from the tools of economic parameters and cash flows, as well as other typical criteria like
economic benefit, and economic risk can also be selected according to the actual conditions
of the investigated system.

TABLE 11.5 Economic indicators from economic parameters and cash flows (Ibáñez-For�es et al., 2014;
López-Maldonado et al., 2011).

Method Indicator (Unit) Description

Economic
parameters

Total annual cost
($, ¥, …)

It represents the annual cost of operating assets spent by the investigated
system, which embraces the expense ratio, front-end load, back-end load,
redemption fee, transaction costs, and opportunity costs of all those costs

Net present value
($, ¥, …)

It is the difference between the present value of future cash inflows (income)
and the present value of future cash outflows (expenditure), which accounts
for the time value of money

Economic
potential

It refers to the potential of a region, country, or company in terms of economic
development, growth, and creation of surplus value

Cash flows Incoming cash ($,
¥, …)

It refers to the total capital income generated by the system, which may
include revenue, the sales of a product or service, salvage income, and
variable value income, current assets recovered, etc., while the
implementation of a decision for reducing the costs also can be integrated

Outgoing cash ($,
¥, …)

It refers to the total capital expenditure of the system, which may include the
capital expenditures for the acquisition or construction of fixed assets,
operating costs, production costs, administrative expenses, and sales
expenses incurred in the operation, etc.
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11.4 Life cycle social indicators

Compared to the life cycle-based environmental and economic assessments, life cycle-
based social assessment targets only social and sociological impacts through a range of cat-
egories, in which, the social life cycle assessment (S-LCA) is usually employed to measure the
impacts pertaining to the social concerns of an industrial system in its entire lifetime. How-
ever, the approach for measuring social performance is still in the development stage, while
the corresponding indicators are typically unquantifiable, which rely heavily on experts’ ex-
periences and evaluations. In this sub-section, a mini review on some well-known social as-
sessment methodologies developed so far is given, while the typical social indicators within
these methods are introduced.

11.4.1 Introduction of the social life cycle assessment

Social life cycle assessment (S-LCA) is recently emerging as a useful approach in sustain-
ability science, which can be employed for evaluating the social impacts of an industrial sys-
tem. Among the available evaluation frameworks regarding the social concerns, the following
five alternatives, including the GRI sustainability framework, UN millennium and sustain-
able development goals, SA 8000, ISO 26000, and UNEP and SETAC S-LCA guidelines would
be selected to be incorporated into the life cycle sustainability assessment of the industrial
systems (K€uhnen and Hahn, 2017). In which, the GRI sustainability framework can be used
for identifying the social sustainability-related information, which is suitable for offering in-
formation regarding an organization’s positive or negative impacts on sustainable develop-
ment; however, it fails to offer performance measurement to support decision-making.

UN millennium and sustainable development goals aim at offering a potential normative
foundation and reference to indicate a positive contribution to sustainable development, but
they may not be suitable for evaluating the contributions at organizational or product level.
SA 8000 could offer a “cradle-to-gate” assessment regarding the social performance of a

TABLE 11.6 Other typical indicators for economic assessment of the industrial systems.

Indicator

(Unit) Description

Economic
benefit

It measures the economic benefits contributed by starting the system, such as improving the GDP

Total cost ($,
¥, …)

It combines privately borne costs of a certain activity with those that are external to that activity,
where all costs should be evaluated in a given base year (Bachmann, 2012)

Income ($, ¥,…) It refers to money earned from the sale of products produced by the system, which is generally
divided into gross income and net income

Taxes ($, ¥, …) It refers to the compulsory financial expenses that the assessed system needs to pay in the process
of production or operation

Economic risk It can be described as the likelihood that an investment will be affected by macroeconomic
conditions such as government regulation, exchange rates, or political stability
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system, which focuses on the protection of human rights of employees by setting require-
ments for working conditions in internal and upstream supplier operations. ISO 26000
(IOS, 2017) covers sevenmain categories, including organizational governance, human rights,
labor practices, the environment, fair operating practices, consumer issues, and community
involvement and development, which can be utilized for better understanding social respon-
sibility of organizations. Compared to the former four frameworks regarding the social-based
assessment, the framework of UNEP and SETAC S-LCA guidelines is preferable to be
adopted in the field of social life cycle assessment, which includes 31 social indicators related
to five divergent stakeholder groups (i.e., workers, consumers, local community, society, and
value chain actors). The reason for the popularity of the UNEP S-LCA can be attributed to the
fact that S-LCA is similar to E-LCA, where the same procedures, i.e., definition of goal and
scope of the study, inventory analysis, and impact assessment, need to be implemented
(UNEP/SETAC, 2009; Wu et al., 2015; Papong et al., 2015).

By reviewing the literature, the most important social concerns/responsibilities could be
classified into six main categories:

(1) concerning the safety and health of the workers (like injuries of the employees);
(2) concerning the safety and health of the local communities (like potential of accident risks);
(3) contributing to development of the society (like job creation);
(4) promoting social responsibility among the value chain actors (like working conditions

within the whole value chain);
(5) concerning the safety and health of the consumers (like product safety); and
(6) other concerns (like stakeholder satisfaction) (K€uhnen and Hahn, 2017).

Therefore, the indicators for evaluating the social performance of an industrial system
should be selected rationally according to which stakeholder will be involved in a certain
stage among the whole life span. For instance, workers and local communities would bemore
engaged into the stage of raw material extraction and treatment, while consumers and value
chain actors would be highly involved in the stage of utilization of product.

11.4.2 Social Indicators from the UNEP S-LCA guidelines

Among the available social evaluation systems, the guidelines for S-LCA of product
published by the UNEP is the most commonly practiced one, which embraces five catego-
rized stakeholders including the worker, local community, society, consumer, and value
chain actors (UNEP/SETAC, 2009), as given in Table 11.7. The reason for the classification
is to support the identification of different stakeholders with divergent concerns, to classify
multiple indicators within groups that have the same impacts, and to implement the
corresponding assessment and interpretation. Here, Table 11.7 summarizes the stakeholder
categories and the corresponding social indicators, where 26 criteria (among a total number of
31 indicators) are suggested in this chapter for representing the social concerns of the indus-
trial systems.

For conducting the S-LCA, the procedures of the implementation of E-LCA can be
referred, where the items of goal and scope definition, life cycle inventory analysis, life cycle
impact assessment, and interpretation should also be conducted in an orderly manner.
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TABLE 11.7 Major categories, indicators, and corresponding requirements regarding the UNEP S-LCA
(Arcese et al., 2013; Aparcana and Salhofer, 2013; UNEP/SETAC, 2009; Mattioda et al., 2017).

Stakeholder Indicator Requirement

Workers (Those who work in the investigated
system)

Child labor The absence of children working in the
system

Fair salary The salary should be no less than the
minimum wage

Working hours The average number of working hour
should be limited to 8h/day and
48h/week

Forced labor The abolition of forced labor

Discrimination/
equal opportunity

The prevention of discrimination and
the promotion of equal opportunities

Health and safety The guarantee of works’ health and
safety

Social benefits/
social security

The suggestion of more than two social
benefits provided by the organization

Consumers (Those who use the system’s
products or are affected by the system)

Health and safety The guarantee of consumers’ health and
safety.

Consumer privacy The protection of consumers’ right to
privacy

Feedback
mechanism

The presence of consumers’ feedback
mechanism

End of life
responsibility

Information on end-of-life options or
recalls policy for consumers

Local community (Those who live in the area
where the system locates in)

Local employment The minimum percentage of local labor
should no less than 50%

Access to material
resources

The sustainable utilization of nature
resources and the recycling of used
material

Access to
immaterial
resources

The promoting of community service

Delocalization and
Migration

The absence of forced resettlement
caused by the system

Safe & healthy
living conditions

The guarantee of safe and healthy
surrounding communities

Respect of
indigenous rights

The protection of indigenous rights

Community
engagement

The consideration of the environment,
health, or welfare of a community

Continued
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However, the S-LCA focuses on the evaluation of social impacts rather than the environmen-
tal performance, and it collects additional information on organization-related aspects with
the life cycle perspective. Therefore, the utilization of the S-LCA should be implemented
according to the specific characteristics and necessities of the system, by considering its phys-
ical, environmental, social, and economic limitations (Mattioda et al., 2017).

11.4.3 Other typical social indicators

With an increasing tendency in considering social concerns/responsibilities into the sus-
tainability assessment of the industrial systems, some other social indicators such as social
acceptability and social benefit have also been suggested frequently for being employed in
the life cycle-based assessment system. Besides, by viewing the policy-maker as another kind
of categorized stakeholder, some criteria from the political aspect, like government support
and political applicability, also can be deemed as social-political indicators. Some typical so-
cial (or social-political) indicators are briefly introduced in Table 11.8.

TABLE 11.7 Major categories, indicators, and corresponding requirements regarding the UNEP S-LCA
(Arcese et al., 2013; Aparcana and Salhofer, 2013; UNEP/SETAC, 2009; Mattioda et al., 2017)—cont’d

Stakeholder Indicator Requirement

Society (Both the national and global society
affected by the system)

Contribution to
economic
development

The promotion of economic contribution
to the society

Public
commitments to
sustainability
issues

The promise or agreement related to the
sustainable development of the system

Technology
development

The development of efficient and
environmentally friendly technologies

Corruption The prevention of corruption of the
system

Value chain actors (Those who are involved in the
sale/production of products, or in the operation of
the system, except for the consumers)

Fair competition The grantee of fair competition and the
prevention of antitrust legislation or
monopoly practices

Promoting social
responsibility

The improvement of social
responsibility contributed by the whole
value chain of the investigated system

Supplier
relationships

The cooperation between the supplies
and the investigated system should be
facilitated stably

Respect of
intellectual
property rights

The protection of the intellectual
property rights by all the involved actors
within the value chain
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From the above-mentioned frameworks and indicators, the evaluation of social concerns
regarding the industrial systems relies heavily on people’s subjective judgements according
to the specific characteristics and necessities of the investigated system, failing to offer a ge-
neric social index that embraces both quantifiable and unquantifiable indicators. Therefore,
more efforts should be put into the development of life cycle-based social indicators for im-
proving the usability of the S-LCA tools.

11.5 A composite life cycle sustainability index

As stated before, dozens of criteria from the environmental, economic, and social dimen-
sions can be selected for assessing the industrial systems, resulting in difficulty aggregating
multiple criteria for representing the overall sustainability. Therefore, this subsection aims at
developing a novel composite life cycle sustainability index that can integrate multiple
criteria from the triple-bottom-line concerns for the prioritization of the industrial systems.
In this subsection, a composite index is proposed, based on the work of Xu et al. (2017,
2018b). Subsequently, a case of the prioritization of five low-carbon ammonia production sys-
tems by using the composite index is studied. Finally, sensitivity analysis is conducted for
demonstrating the feasibility of the composite life cycle sustainability index.

11.5.1 Development of a composite life cycle sustainability index

Because of the absence of general standardized indicators, the overall life cycle sustainabil-
ity of the industrial systems is always hard to measure, especially when dozens of environ-
mental, economic, and social indicators could be selected. Therefore, this subsection focuses
on the development of a composite life cycle sustainability index for the prioritization of in-
dustrial systems.

Since life cycle-based sustainability can be presented by the TBL-based three-dimension
(3D) cube, as shown in Fig. 11.6 (Moradi-Aliabadi andHuang, 2016), the overall sustainability
of an industrial system has recently been depicted by a vector function. In the 3D cube, x, y,
and z, respectively, stand for the environmental, economic, and social pillars, α, β, and γ are

TABLE 11.8 Other typical indicators for social assessment of the industrial systems (Ren et al., 2016;
Xu et al., 2018b).

Indicator Description

Social
acceptability

It represents the degree of the acceptability of the investigated system, which is characterized as
an indicator of individual opinions

Social benefit It is a generic indicator that can be defined specifically according to a certain concern with
respect to the investigated system, for instance, the benefit of job creation

Inherent safety
index

It measures the inherent hazard of the investigated system,which could be extended into the life
cycle perspective

Government
support

It refers to the government support regarding establishing and/or running a certain industrial
system by setting corresponding policies
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correspondingly the weights of the three pillars for indicating their relative importance in the
overall sustainability, and a 3D vector S

!
i ¼ x̂i, ŷi, ẑi

� �
could be used for denoting the sustain-

ability of the ith system (i¼1, 2, …) (Eq. 11.4).

S
!
i ¼ x̂i, ŷi, ẑi

� �¼ αEni, βEci, γSoih i¼ αEnix̂+ βEciŷ+ γSoiẑ (11.4)

In Eq. (11.4), Eni, Eci, and Soi are the quantified composite performances of the ith system
with respect to the three pillars, which could be calculated by using Eq. (11.5) (Moradi-
Aliabadi and Huang, 2016; Xu et al., 2017); while the pillars’ weights (α, β and γ) could be de-
termined by using the subjective weighting method (such as AHP and BWM), the objective
weighting method (such as the entropy and CRITIC), or the combined ones.

Eni ¼
Xu
k¼1

akenk�i

Eci ¼
Xv
k¼1

bkeck�i

Soi ¼
Xw
k¼1

cksok�i

8>>>>>>>><
>>>>>>>>:

(11.5)

where ak, bk, and ck represent the local weights assigned to the kth indicator in the
corresponding pillar, enk�i, eck�i, and sok�i are the normalized data of the ith alternative re-
garding to the kth criterion, and u, v, and w represent the indicators number in each pillar.
Noting that there are several weighting and normalization methods that could be utilized
for supporting the development of the composite life cycle sustainability index, the users
can select proper ones for assigning the weights and processing the data according to the ac-
tual conditions of the investigated systems. For more detailed information regarding the
weighting method and the normalization technique, the reader is referred to the literature
(Xu et al., 2018b).

Based on our previous works (Xu et al., 2017, 2018b), two referring 3D sustainability
cubes, i.e., the ideal and nadir cubes (which, respectively, represent the highest and the lowest
sustainability that an alternative system can ideally achieve), are used for supporting the de-
velopment of a composite life cycle sustainability index. As depicted in Fig. 11.7, the left cube

FIG. 11.6 The triple-bottom-line 3D sustainability cube.
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implies the most sustainable status of an industrial system, which is denoted as

S
!∗ ¼ x̂∗, ŷ∗, ẑ∗h i, while the right one indicates the worst status of the system, which is denoted

as S
!�

¼ x̂�, ŷ�, ẑ�h i. Herein, the vector formats with respect to both the ideal and nadir cubes
could be employed for representing the highest and the lowest sustainability status, as given
in Eqs. (11.6), (11.7), respectively, by modifying the work of Xu et al. (2017, 2018b).

S
!∗ ¼ x̂∗, ŷ∗, ẑ∗h i¼ αEn∗, βEc∗, γSo∗h i¼ αEn∗x̂+ βEc∗ŷ+ γEc∗ẑ (11.6)

S
!�

¼ x̂�, ŷ�, ẑ�h i¼ αEn�, βEc�, γSo�h i¼ αEn�x̂+ βEc�ŷ+ γSo�ẑ (11.7)

Similarly, Eq. (11.8) and Eq. (11.9), respectively, should be employed for obtaining the cat-
egorized composite performances of the ideal system and the nadir one.

En∗ ¼
Xu
k¼1

ak max
i¼1,2,⋯

enk�i

Ec∗ ¼
Xv
k¼1

bk max
i¼1,2,⋯

eck�i

So∗ ¼
Xw
k¼1

ck max
i¼1,2,⋯

sok�i

8>>>>>>>>>><
>>>>>>>>>>:

(11.8)

En� ¼
Xu
k¼1

ak min
i¼1,2,⋯

enk�i

Ec� ¼
Xv
k¼1

bk min
i¼1,2,⋯

eck�i

So� ¼
Xw
k¼1

ck min
i¼1,2,⋯

sok�i

8>>>>>>>>>><
>>>>>>>>>>:

(11.9)

Ideal cube
for the most
sustainable status

Nadir cube
for the worst
sustainable status3D cube

for an investigated system

3D cube
for an investigated system

FIG. 11.7 The ideal and nadir 3D sustainability cubes.
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Based on the characteristics of the vector function, the sustainability of an industrial
system can be judged by considering two parameters, i.e., the magnitude of the vector
(Eqs. 11.10–11.12) for measuring the absolute sustainability score, and the cosine angle of
the vector from the ideal (or nadir) one (Eqs. 11.13, 11.14) for quantifying the relative sus-
tainability balance. Apparently, a large value in the vector’s magnitude stands for a good
sustainability performance in an absolute way; while a large value in cos∗ and a small value
in cos� is preferable from the viewpoint of relative balance.

S
!
i

��� ���¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2En2i + β2Ec2i + γ2So2i

q
(11.10)

S
!∗��� ���¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2
q

(11.11)

S
!���� ���¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

αEn�ð Þ2 + βEc�ð Þ2 + γSo�ð Þ2
q

(11.12)

cos∗ ¼ cos S
!
i, S

!∗� �
¼ S

!
i � S

!∗

S
!
i

��� ��� S
!∗��� ���

0
B@

1
CA¼ α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2En2i + β2Ec2i + γ2So2i

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2

q
(11.13)

cos� ¼ cos S
!
i, S
!�� �

¼ S
!
i � S

!�

S
!
i

��� ��� S
!���� ���

0
B@

1
CA

¼ α2EniEn
� + β2EciEc

� + γ2SoiSo
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2En2i + β2Ec2i + γ2So2i

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEn�ð Þ2 + βEc�ð Þ2 + γSo�ð Þ2

q (11.14)

In order to use a comprehensiveway tomeasure the overall sustainability, the absolute and
relative sustainability performances of the industrial system should be integrated by
employing the vector projection function, as given in Eqs. (11.15), (11.16), where Pri

∗ is the
projection of the ith alternative on the ideal system, while Pri

� is the projection of the nadir
system on the ith alternative.

Pr∗i ¼ Pr S
!
i, S
!∗� �

¼ S
!
i

��� ���cos∗ ¼ α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2

q (11.15)

Pr�i ¼ Pr S
!�

, S
!
i

� �
¼ S

!���� ���cos� ¼ α2EniEn
� + β2EciEc

� + γ2SoiSo
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2En2i + β2Ec2i + γ2So2i

q (11.16)

Subsequently, the two projection values should be normalized into a uniform distribu-
tion for making better comparisons (Xu et al., 2017, 2018b), where Eq. (11.17) reflects the

normalized similarity regarding the vector-pairs of Si
!� S

!
∗, while Eq. (11.18) shows that

of Si
!� S

!�
, and both of them with uniform distribution [0, 1].
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NPr∗i ¼
Pr∗i

S
!∗��� ���¼

α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2

q � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2

q

¼ α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2 (11.17)

NPr�i ¼ Pr�i
Si
!��� ���¼

α2EniEn
� + β2EciEc

� + γ2SoiSo
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2En2i + β2Ec2i + γ2So2i

q � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2En2i + β2Ec2i + γ2So2i

q

¼ α2EniEn
� + β2EciEc

� + γ2SoiSo
�

αEnið Þ2 + βEcið Þ2 + γSoið Þ2 (11.18)

Apparently, a real sustainable system should simultaneously have higher similarity de-
gree with the ideal vector but lower similarity degree with the nadir one, resulting in the de-
velopment of a composite life cycle sustainability index (CI) as given in Eq. (11.19) (Xu et al.,
2018b).

CIi ¼ NPr∗i
NPr∗i +NPr�i

¼

α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2
α2EniEn∗ + β2EciEc∗ + γ2SoiSo∗

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2 +
α2EniEn

� + β2EciEc
� + γ2SoiSo

�

αEnið Þ2 + βEcið Þ2 + γSoið Þ2
(11.19)

Here, CI is the composite life cycle sustainability index that can integrate the triple-bottom-
line concerns, while multiple life cycle-based criteria can be used in the equation according to
the actual conditions of the investigated systems and the preference of the decision-makers.
Different from the previous sustainability prioritization frameworks, which rely on themulti-
criteria decisionmakingmethods for ranking the alternative industrial systems, the proposed
index (CI) can directly prioritize the sustainability sequence of the alternatives by aggregating
the TBL-based concerns from the life cycle perspective.

11.5.2 Case study of the composite life cycle sustainability index

In order to demonstrate the developed composite index for supporting the life cycle sus-
tainability prioritization of industrial systems, five low-carbon ammonia production routes
proposed by Xu et al. (2018b) have been adapted here for the case study; namely, wind
power-based electrolysis (A1), solar power-based electrolysis (A2), hydropower-based elec-
trolysis (A3), biomass gasification-based electrolysis (A4), and nuclear power-based electrol-
ysis (A5). For more detailed information regarding the five alternative systems, the reader is
referred to the literature (Xu et al., 2018b).

From the life cycle perspective, human toxicity, global warming, and abiotic depletion are
selected as the environmental indicators (en1–3), the life cycle costs, market potential, and eco-
nomic contribution are identified as the economic indicators (ec1–3), while the inherent safety,
social acceptance, and policy applicability are taken as the social indicators (so1–3). For devel-
oping these life cycle-based indicators, the life cycle assessment tool CML 2001 should be
employed for the three environmental indicators, the life cycle costing is suggested to collect
the indicator of ec1, the inherent safety proposed by Heikkil€a (1999) should be extended into
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the same life cycle span to develop the indicator of so1, while the other four indicators, i.e., ec2,
ec3, so2, and so3, are developed by using life cycle thinking, given the subjective nature of these
indicators. Based on the work of Xu et al. (2018b), the data of the alternative’s performance
regarding each indicator of the low-carbon ammonia production systems can be created as
shown in Table 11.9, denoted as a decisionmatrix. It is worth pointing out that the data shown
in Table 11.9 have already been normalized, while the weights were equally assigned to the
categorized indicators in the corresponding dimension for simply illustrating how to use the
composite life cycle sustainability index for the prioritization. For more detailed information
regarding the data normalization, the work of Xu et al. (2018b) can be referred to.

Based on the decision matrix, the quantified composite performances of a system can be
obtained, taking the alternative system A1, the ideal system, and the nadir one as examples;
they are calculated as below:

En1 ¼ 0:333 en1�1 + en2�1 + en3�1ð Þ¼ 0:333 0:052 + 0:257 + 0:219ð Þ¼ 0:176

Ec1 ¼ 0:333 ec1�1 + ec2�1 + ec3�1ð Þ¼ 0:333 0:151 + 0:231 + 0:273ð Þ¼ 0:218

So1 ¼ 0:333 so1�1 + so2�1 + so3�1ð Þ¼ 0:333 0:262 + 0:267 + 0:247ð Þ¼ 0:259

8><
>:

En∗¼ 0:333 max
i¼1,2,⋯,5

en1�i + max
i¼1,2,⋯,5

en1�i + max
i¼1,2,⋯,5

en1�i

	 

¼ 0:333 0:529 + 0:317+ 0:274ð Þ¼ 0:373

Ec∗¼ 0:333 max
i¼1,2,⋯,5

ec1�i + max
i¼1,2,⋯,5

ec1�i + max
i¼1,2,⋯,5

ec1�i

	 

¼ 0:333 0:374 + 0:279 + 0:479ð Þ¼ 0:377

So∗¼ 0:333 max
i¼1,2,⋯,5

so1�i + max
i¼1,2,⋯,5

so1�i + max
i¼1,2,⋯,5

so1�i

	 

¼ 0:333 0:262 + 0:267 + 0:289ð Þ¼ 0:273

8>>>>>>><
>>>>>>>:

En� ¼ 0:333 min
i¼1,2,⋯,5

en1�i + min
i¼1,2,⋯,5

en1�i + min
i¼1,2,⋯,5

en1�i

	 

¼ 0:333 0:045 + 0:140+ 0:120ð Þ¼ 0:102

Ec� ¼ 0:333 min
i¼1,2,⋯,5

ec1�i + min
i¼1,2,⋯,5

ec1�i + min
i¼1,2,⋯,5

ec1�i

	 

¼ 0:333 0:110+ 0:151 + 0:019ð Þ¼ 0:093

So� ¼ 0:333 min
i¼1,2,⋯,5

so1�i + min
i¼1,2,⋯,5

so1�i + min
i¼1,2,⋯,5

so1�i

	 

¼ 0:333 0:086 + 0:084 + 0:126ð Þ¼ 0:099

8>>>>>>><
>>>>>>>:

TABLE 11.9 Decision matrix for implementing the composite life cycle sustainability index (Xu et al., 2018b).

en1 en2 en3 ec1 ec2 ec3 so1 so2 so3

A1 0.052 0.257 0.219 0.151 0.231 0.273 0.262 0.267 0.247

A2 0.049 0.140 0.122 0.110 0.279 0.140 0.262 0.267 0.211

A3 0.326 0.317 0.265 0.139 0.165 0.479 0.262 0.234 0.289

A4 0.529 0.142 0.274 0.374 0.173 0.019 0.127 0.149 0.126

A5 0.045 0.144 0.120 0.225 0.151 0.090 0.086 0.084 0.126

Local weight 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333
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Similarly, the quantified composite performances of each system with respect to the three
pillars can be determined as summarized in Table 11.10.

Based on the data in Table 11.10, the composite life cycle sustainability index in Eq. (11.19)
should be employed for ranking the five alternative systems; taking the system of A1 as an
example, the value of CI1 was calculated as follows:

CI1 ¼ α2En1En∗ + β2Ec1Ec∗ + γ2So1So∗

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2
" #�

α2En1En∗ + β2Ec1Ec∗ + γ2So1So∗

αEn∗ð Þ2 + βEc∗ð Þ2 + γSo∗ð Þ2
"

+
α2En1En

� + β2Ec1Ec
� + γ2So1So

�

αEn1ð Þ2 + βEc1ð Þ2 + γSo1ð Þ2
#

¼ 0:3332 0:176�0:373 + 0:218�0:377 + 0:259�0:333ð Þ
0:3332 0:3732 + 0:3772 + 0:3332

� �
" #

� 0:3332 0:176�0:373 + 0:218�0:377 + 0:259�0:333ð Þ
0:3332 0:3732 + 0:3772 + 0:3332

� �
"

+
0:3332 0:176�0:102 + 0:218�0:093 + 0:259�0:099ð Þ

0:3332 0:1762 + 0:2182 + 0:2592
� �

#

¼ 0:614= 0:614 + 0:438½ � ¼ 0:583

Similarly, the composite life cycle sustainability index, with respect to each alternative sys-
tem, can be obtained by running Eq. (11.19). The obtained results are depicted in Fig. 11.8,
demonstrating that the overall sustainability sequence regarding the five low-carbon ammo-
nia production routes is A3>A4>A1>A2>A5.

From the case study, it can be concluded that by proposing the composite life cycle sustain-
ability index, all the criteria from the environmental, economic, and social concerns could be
aggregated into a composite index, which is characterized by integrating the absolute score
and relative balance of the multi-criteria in a compromise way for offering a rigorous ranking
result. Different from the existing works that employ the multi-criteria decision making ap-
proaches to rank the alternative industrial systems, the proposed index (CI) can simplify the
ranking procedures by using a single yet reliable equation, as given in Eq. (11.19).

TABLE 11.10 Quantified composite performances of each system with respect to the three pillars.

A1 A2 A3 A4 A5 Ideal Nadir Weight

En 0.176 0.104 0.303 0.315 0.103 0.373 0.102 0.333

Ec 0.218 0.176 0.261 0.189 0.155 0.377 0.093 0.333

So 0.259 0.247 0.262 0.134 0.099 0.273 0.099 0.333
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11.5.3 Sensitivity analysis of the composite life cycle sustainability index

It is worth pointing out that the local weight with respect to each criterion, and the relative
importance regarding each pillar for implementing the composite life cycle sustainability in-
dex, should be determined according to the actual conditions of the investigated systems and
the preferences of the decision-makers. Accordingly, the ranking result derived from the com-
posite sustainability index would be influenced by the weighting information fed into it.
Therefore, for testing the effects of the weights on the composite index for the prioritization,
the following scenarios were studied by changing the weights of the involved criteria, as well
as the relative importance of the three pillars.

Case enk: a dominant local weight (0.60) was assigned to the kth criterion in the
environmental pillar, and an equal weight of 0.20 was assigned to the other two criteria in
the same pillar; in addition, an equal local weight of 0.333 was given to the criteria in the
economic and social pillars. As for the relative importance of the three pillars, α¼0.4545,
β¼ γ¼0.2727 was used. Therefore, the global weights with respect to the eight non-
dominant criteria can be set as the same value, equaling 0.091.
Case eck: a dominant local weight (0.60) was assigned to the kth criterion in the economic
pillar, and an equal weight of 0.20 was assigned to the other two criteria in the same pillar;
similarly, an equal local weight of 0.333 was given to the criteria in the environmental and
social pillars; and β¼0.4545, α¼γ¼0.2727was used.
Case sok: a dominant local weight (0.60) was assigned to the kth criterion in the social pillar,
and an equal weight of 0.20 was assigned to the other two criteria in the same pillar;
similarly, an equal local weight of 0.333 was given to the criteria in the environmental and
economic pillars; and γ¼0.4545, α¼β¼0.2727was used.

By running the same equation of the composite life cycle sustainability index (Eq. 11.19),
the rankings with respect to the above-mentioned cases can be determined, as depicted in
Fig. 11.9; in which, the system A3 remains the best choice for almost all the cases, except
for the weights-change in case en1 and case ec1, while A5 is always the most undesirable

A5 The composite life cycle
sustainability index

A4

A3

A2

A1

0.00 0.20 0.40 0.60 0.80

FIG. 11.8 The composite life cycle sus-
tainability index for each low-carbon ammo-
nia production system.
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option, indicating that the developed composite index is effective to identify themost sustain-
able industrial system as well as the worst one among various alternatives. However, the se-
quences with respect to the other alternatives are sensitive to the weights changing, implying
that assigning the weights to the criteria and pillars accurately is a critical action for offering a
reliable prioritization result. Noting that this work aims at proposing a generic composite in-
dex for life cycle sustainability prioritization of industrial systems without the consideration
of specific weighting method, the users can select the subjective, the objective, or the com-
bined methods for the determination of weights according to the actual conditions of the in-
vestigated systems.

11.6 Conclusions

For boarding the scope of LCSA regarding the industrial systems, the life cycle-based triple
bottom line should be employed as an accounting framework, which covers the divergent
concerns with respect to the environmental, economic, and social performance with a life cy-
cle perspective. Till now, the three life cycle assessment tools, i.e., E-LCA, LCC, and S-LCA,
are still preferred by users for creating a comprehensive assessment system. However, it can
be noted that the economic performances are limited to a few indicators that derived from
LCC, while the social concerns rely heavily on subjective judgements by using traditional
S-LCA. To be specific, the life cycle costs (from the LCC) cannot provide a comprehensive
evaluation system of economic sustainability; while the application of the social indicators
(from the S-LCA) has not been investigated sufficiently, where the limitations of data acqui-
sition, quantification, and the subjective nature of these indicators need to be addressed.
Therefore, in addition to the three popular life cycle assessment tools, some other promising
assessment approaches along with the indicators, that could be adopted or adapted into the

FIG. 11.9 The result of sensitivity analysis of the composite life cycle sustainability index.
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life cycle sustainability assessment of the industrial systems, were also summarized in this
work; in which, the assessment frameworks of multiple “footprints,” the economic parame-
ters and cash flows, as well as the guidelines like SA 8000 and ISO 26000 could, respectively,
act as substitutes for developing the environmental, economic, and social indicators. In
addition, the most frequently employed criteria, like energy and exergy efficiencies for the
environmental impacts, economic benefit and risk for the economic prosperity, as well as
social acceptability and benefit for the social concerns were suggested to be considered for
offering a well-rounded assessment system.

Dozens of criteria that relate to the environmental-economic-social concerns could be used
for representing the sustainability of industrial systems, resulting in difficulty aggregating
multiple criteria for the prioritization. Therefore, a composite life cycle sustainability index
was proposed in this chapter by referring to the work of Xu et al. (2018b), where the life cycle
environmental, economic, and social criteria can be integrated for measuring the overall sus-
tainability of industrial systems by employing a vector-projection theory. The developed
composite index is characterized by combining the absolute performances and relative
balance of the multi-criteria in a compromise way for ranking alternative systems, which
is favored by the nature of the sustainability. In addition, an industrial case regarding five
low-carbon ammonia production systems was investigated by the composite life cycle sus-
tainability index, while the results of the case study and the corresponding sensitivity analysis
reveal that the developed composite index is feasible and valid for ranking industrial systems.

In general, a composite life cycle sustainability index plays a significant role in the sustain-
ability prioritization of industrial systems, while creating a comprehensive and rational indi-
cator system is not an easy task, especially when dozens of environmental, economic, and
social criteria could be selected. Because of the absence of general standardized indicators,
the overall life cycle sustainability of the industrial systems is always hard to measure. There-
fore, further studies should focus on the selection and integration of the most important in-
dicators for laying a strong foundation for the establishment of the final composite index of
life cycle sustainability assessment.
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12.1 Introduction

Decision-making can be a complex process aiming to establish satisfying solutions or pos-
sible compromises submitted to the judgment of a decision-maker or a group of decision-
makers under a scientific base. Even when only one decision-maker is involved in the
decision-making process, rarely does the decision-maker have in mind only one criterion.
This means that the decision-makingmore often involves multi-criteria than amonocriterion.
In this sense, the multi-criteria approaches have been playing an important role for analyzing
and structuring any decision-making process (Greco et al., 2016).

Decision-making based on life cycle sustainability assessment (LCSA) clearly represents a
multi-criteria decision approach. LCSA adopts the widespread three-dimensional view of
sustainability (environment, economic, and social). It is considered a promisingmethodology
for developing a transparent, robust, and comprehensive approach towards sustainability
(Sala et al., 2012), and has been largely discussed in the literature (e.g., Halog and Manik,
2011; Santoyo-Castelazo and Azapagic, 2014; Akhtar et al., 2015; Ren et al., 2015).

Decision-making using LCSA is not an easy task since it requires taking into account in-
commensurable dimensions and many uncertainties due to the model parameters and input
data. As uncertainty refers to lacking complete knowledge or confidence regarding some sit-
uation, it is per se a complex issue to be handled in any decision-making. However, decision
problems involving LCSA adds a multifaceted meaning to the uncertainty, making the deci-
sion much more complex. In addition, one of the main challenges of LCSA is in how to build
a comprehensive judgment of the sustainability performance of products, services, and
processes, taking into account several and distinct indicators, and avoiding reductionist ap-
proaches (Sala et al., 2012). This is precisely where multi-criteria decision analysis (MCDA)
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can be useful, which is applied to support decision-making in problemswhere several criteria
are taken into consideration to evaluate alternatives (solutions).

MCDA can be useful as a tool for conflict management, since it allows consideration by
various decision-makers and stakeholders, who often have conflicting interests. It aims to or-
ganize the mixed available information and to help decision-makers to aggregate the criteria
and identify the pros and cons of each alternative, by enabling them to have a diversity and a
large number of indicators being analyzed in the same framework, independently, if they are
expressed in a quantitative or qualitative manner (Matteson, 2014; Clı́maco and Valle, 2014;
Recchia, 2011).

This chapter aims to contribute to the discussion on how to consider the uncertainties in-
herent in LCSA in decision-making through an integrated LCSA and MCDA approach. It is
organized in four sections, including this introduction. Section 12.2 presents the meaning of
uncertainty and its types, as well as a brief description of the decision-making under uncer-
tainties. Section 12.3 focuses on the decision-making of LCSA taking into account uncer-
tainties, mainly regarding MCDA integrated with LCSA. Some examples of the literature
are presented. Finally, Section 12.4 gives final remarks and points out the relevance of robust-
ness in decision-making on LCSA.

12.2 The decision-making under uncertainties

12.2.1 What is uncertainty?

There are different meanings to the term uncertainty. Roughly speaking, uncertainty refers
to something lacking complete knowledge or confidence. In a decision-making context, spe-
cially that dealing with features of the real-world, uncertainty refers to the inability of the
decision-maker to describe, prescribe, or predict deterministically and numerical a system
and its behavior due to the lack of quantitative or qualitative information about the decision
problem (Zimmermann, 2001).

Uncertainty can be treated in different forms; for example, Zimmermann (2001) differen-
tiates between three forms: stochastic, linguistic, and informational uncertainty. The first one
can be handled based on theory of probability and statistics, in which the decision-making
depends on events or statements that are well defined (e.g., the n% of risk/probability a nu-
clear accident to occur). In contrast, both linguistic and informational uncertainties are related
to the vagueness concerning the establishment of the meaning of events, statements, or situ-
ation problems. Therefore, they are considered as fuzziness due to the lack of precision and
the indefinite nature of human language (linguistic uncertainty) and the high quantity of in-
formation required to describe a situation (informational uncertainty).

Uncertainty can also be treated as internal or external uncertainty. The former is related to
the decision-maker’s values and judgments that will influence the decision-making, and the
latter refers to the imperfect knowledge concerning the situation and its behavior or conse-
quences. In other words, internal uncertainty can arise from the process of decision problem
structuring and analysis, and external uncertainty from the nature of the environment from
where the decision-making comes, which may be out of the control of the decision-maker
(Levary and Wan, 1998). In summary, it is possible to make some associations taking into ac-
count the different kinds of uncertainty, thus leading to a multifaceted meaning (Fig. 12.1).
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As risk usually is related to situations where the probabilities of consequences/outcomes
are objectively known (Millet andWedley, 2002), the stochastic uncertainty can be associated
with the term risk. As linguistic uncertainty is related to the imprecision or ambiguity in hu-
man judgments, it can be associated with internal uncertainty. Finally, as informational un-
certainty refers to incomplete, uncertain, or even ambiguous information, it can be associated
with external uncertainty. In addition, besides the external uncertainty about the environ-
ment, it is also possible to have uncertainties related to the interconnections between
decisions, i.e., how the decision and its outcomes influence another decision. All of these is-
sues must be properly treated in the decision-making.

12.2.2 Decision-making under uncertainties

Decision-making is usually associated with a problem-solving process, of which an alter-
native (or action) must be chosen. In general, the decision-making starts with the identifica-
tion and definition of the problem situation, and ends with the choosing of a compromise
alternative (solution) (Fig. 12.2). The term compromise solution is adopted, especially in

FIG. 12.1 Different types of uncertainty.

FIG. 12.2 The five steps of a typical decision-making process.
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multi-criteria decision-making problems, where there is no solution capable of satisfying all
criteria at the same time (this should be an ideal solution).

The alternatives can be evaluatedwith respect to one criterion (monocriterion approach) or
to multiple criteria (multi-criteria approach). Therefore, a multi-criteria decision problem is
one in which more than one criterion is considered in the assessment. For both approaches,
uncertainties may appear, due to the simple fact that behind any decision-making process
there is at least one decision-maker, or even due to the nature of the decision-problem.

The uncertainty can be handled in different ways. For instance, internal uncertainties can
be resolved through a better structuring of the decision problem, or if they are not resolvable,
by carrying out an appropriate sensitivity and robustness analysis (Belton and Stewart, 2002).
External uncertainties can be handled by a consistent understanding of the environment from
which the decision problem arises, as well as by an expansion of the decision area in order to
incorporate interconnected decisions and consequences (Greco et al., 2016).

In practice, these uncertainties are handled by an appropriate sensitivity analysis of the
results, i.e., after the application of a deterministic multi-criteriamethod, for example, to iden-
tify the compromise solution. Because of this, a sensitivity analysis is usually carried out in the
decision-making process dealing with uncertainties, as presented in Fig. 12.3.

It is important to note that stochastic uncertainties can be handled through risk analysis,
which is the process of predicting a decision’s outcome in face of uncertainties, and can be
conducted with or without simulation. Even in this case, a consistent and better problem
structuring is needed.

12.3 LCSA and decision-making under uncertainties

12.3.1 Uncertainties inherent to LCSA

Despite uncertainties being inherent to decision problems involving sustainability assess-
ment, a review carried out by Thies et al. (2019) pointed out that the majority of LCSA studies

FIG. 12.3 A six-step decision-making process dealing with uncertainties.
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do not take into account any kind of uncertainty. From those studies that consider uncer-
tainties in the analysis, most of them are related to decision makers’ preference, which refers
to the vagueness and ambiguity of them regarding the priority of each criterion. Furthermore,
uncertainties related to inventory data are also treated, typically those associated with the
variability in input and output flows of the product system modeled (Fig. 12.4). Therefore,
decision-maker preferences are related to internal uncertainties, while inventory data is re-
lated to external uncertainties.

The authors also identified the methods used to handle these uncertainties. Sensitivity
analysis is themain procedure adopted in LCSA studies, since it is easy to conduct and allows
investigation of the stability of the LCSA results under some conditions of uncertainty, i.e., to
see how changes in critical parameters could affect the LCSA outcomes.

The sensitivity analysis can comprise several strategies, such as: changes in weight factor
analysis (Dong et al., 2014); different weight combinations (Milani, 2011; Manzardo et al.,
2014; Akhtar et al., 2015; Ren et al., 2015); maximizing the main criteria (von Doderer and
Kleynhans, 2014), using minimum, nominal, and maximum values for each criteria (Klein
and Whalley, 2015); random techniques (Basson and Petrie, 2007; Hanandeh and El-zein,
2009); statistical tools (Halog and Manik, 2011); Monte-Carlo simulation (Sparrevik et al.,
2012; Basson and Petrie, 2007; Hanandeh and El-zein, 2010); and fuzzy theory (Liu et al.,
2012; Pires and Chang, 2011).

Despite being uncommon in practice, somemulti-criteria approaches can handle LCSAun-
certainties. For instance, internal uncertainties can be resolved through fuzzy set approaches,
rough set approaches, and identifying potentially optimal solutions amongst uncertainty
ranges; while external uncertainties can be handled by stochastic dominance concepts, the
use of surrogate risk measures as additional decision criteria, and the integration of MCDA
and scenario planning (Greco et al., 2016).

12.3.2 The integration of LCSA and MCDA

As mentioned before, MCDA is a powerful tool to be integrated with LCSA because it is
capable of handling several issues at the same time, for instance: different stakeholders in-
volved, who often have conflict interests; or a large number of indicators to be addressed,

FIG. 12.4 Types of uncertainty in LCSA studies. Based
on data from Thies, C., et al., 2019. Operations research for sus-

tainability assessment of products: a review. Eur. J. Oper. Res.
274 (1) 1–21.
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which it may not be easy to express quantitatively in a consistent manner, apart from some
trade-offs presented between them.

12.3.2.1 A brief presentation of MCDA methods

There are several MCDA methods that can be classified according to the aggregation pro-
cedure adopted to take into account all criteria analyzed. Themost traditional approach is the
one based on utility or value-function by single synthesizing criterion, in which the criteria
multiplicity is reduced to a unique criterion by using formal rules mathematically
structured, e.g., the multi-attribute utility theory (MAUT). Several commonly used methods
belong to this group, such as: technique for order preference by similarity to ideal solution
(TOPSIS); analytic hierarchy process (AHP); and analytic network process (ANP).

TOPSIS, also known as a reference point approach, is based on the concept that the alter-
native chosen should be the nearest to the ideal solution and farthest from the negative-ideal
solution (Greco et al., 2016). Developed by Saaty (1980), AHP is based on the creation of a
hierarchical structure of criteria and alternatives, which are pairwise compared to assess
the relative preference among each other according to decision-maker preferences. ANP is
a derived form of AHP that comprises the generalization of hierarchies to networks with de-
pendence and feedback (Greco et al., 2016).

These methods assume some compensability among criteria, i.e., trade-offs where a disad-
vantage on a criterion can be compensated by a sufficient advantage on another criterion
(Rowley et al., 2012; Benoit and Rousseaux, 2003; Guitouni and Martel, 1998). However,
TOPSIS and AHP have been largely used in sustainable related decisions (e.g., AHP:
Myllyviita et al., 2013; von Doderer and Kleynhans, 2014, Akhtar et al., 2015; TOPSIS: Su
et al., 2010; Dong et al., 2014; Sedláková et al., 2014, 2015). This compensability may be very
problematic in decisions involving sustainability (Munda, 2008).

The other MCDA approach is based on a synthesizing preference relational system,
which involves pairwise comparison of the alternatives on each criterion supported by
well-structured mathematical rules based on discrimination thresholds and veto threshold;
examples of this group include the outranking methods such as the preference ranking or-
ganization method for enrichment evaluation (PROMETHEE) family and elimination and
choice expressing reality (ELECTRE) family.

PROMETHEE is composed of six methods, including:

• partial ranking (PROMETHEE I);
• complete ranking (PROMETHEE II);
• ranking based on intervals (PROMETHEE III);
• ranking based on continuous case (PROMETHEE IV);
• with constraints segmentation (PROMETHEE V); and
• with representation of the human brain (PROMETHEE VI).

All of these methods are based on positive and negative preference flows for each alterna-
tive, according to the selected criteria preferences (weights) (Greco et al., 2016).

ELECTRE comprises six different methods:

• ELECTRE I is dedicated to choice problems, with the aim of reducing the size of a non-
dominated set of alternatives.
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• ELECTRE IS, an improved form of ELECTRE I, uses an indifference threshold.
• ELECTRE II ranks alternatives from the best to worst option, using either strong or weak

relations.
• ELECTRE III allows the use of pseudo-criteria and fuzzy outranking relations.
• ELECTRE IV is similar to ELECTRE III, but without the use of criteria weights.
• ELECTRE TRI is used for dealing with ordinal classification problems (Roy and

Bouyssou, 1993).

Four of these ELECTRE methods have fuzzy outranking relationship of alternatives
(Fig. 12.5), which means they are able to handle uncertain and ambiguous information
(Guitouni and Martel, 1998; Rogers and Bruen, 1998). Therefore, for decision-making where
uncertainties inherent to criterion estimates can be significant, such as sustainable problems,
the choice of a fuzzy decision model such as ELECTRE III seems more appropriate (Rogers
et al., 2000). In fact, ELECTRE III is the most popular of the ELECTRE family methods, with
strong application in environmental problems, especially those involving complex decision-
making such as energy management, chemical and biochemical engineering, policy, social,
and education (Govindan and Jepsen, 2016).
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FIG. 12.5 The ELECTRE family of methods.
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There are other methods that are not in accordance with these approaches due to their in-
teractive nature. An example could be found in Angelo et al. (2017), where an interactive
learning-oriented multi-attribute additive model using imprecise information, called VIP-
Analysis, was applied in order to identify the most preferable organic waste treatment in
terms of life cycle assessment (LCA) results, taking the domestic solid waste management
in the city of Rio de Janeiro as a case study.

Moreover, there is another approach used when the decision problem involves an infinite
or a very large number of alternatives, known as multi-objective decision-making. It com-
prises programming methods such as multi-objective optimization and goal programming,
and is, in general, restricted to operational decisions (Azapagic and Perdan, 2005). However,
it must be remarked that facing themultiplicity ofMCDAmethods, none can be considered as
the best method appropriated to all decision-making situations (Guitouni and Martel, 1998).

12.3.2.2 Main MCDA methods applied in LCSA studies

As mentioned before, MCDAmethods can be applied in an integrated manner to LCSA in
order to aggregate its results, providing a better understanding of them, thus potentializing
the interpretation phase, and aiding the decision. Most LCSA studies adopt MCDA methods
to support the decision-making; of these, AHP, PROMETHEE, ELECTRE, and TOPSIS com-
prise the majority (Fig. 12.6) (Thies et al., 2019). Unsurprisingly, almost half of the LCSA stud-
ies reviewed by Thies and co-authors have adopted the AHP method. It is the most widely
applied MCDA method in decision-making (Vaidya and Kumar, 2006).

12.3.2.3 Examples of MCDA integrated with LCSA under uncertainties

LCSA integrated with ELECTRE III

This section is based on a sustainable life cycle analysis developed by Angelo et al. (2019),
where two urban transport systems (bus rapid transit and metro) of the city of Rio de Janeiro
are evaluated by considering environmental performance resulted from a LCA study, eco-
nomic, and social indicators in the same framework through ELECTRE III.

FIG. 12.6 Most frequent MCDA
methods in LCSA studies. Based on data from

Thies, C., et al., 2019. Operations research for

sustainability assessment of products: a review.

Eur. J. Oper. Res. 274 (1) 1–21.
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A brief description of ELECTRE III

Vagueness and uncertainty are treated by ELECTRE III by introducing the indifference,
preference, and veto thresholds to establish a pseudo-criterion, that allows creation of an in-
termediary zone in which decision-makers’ information is contradictory or indeterminate
(Rogers et al., 2000). The outranking relationship of each pair of alternatives is evaluated
by assuming these thresholds, making it possible to determine if two alternatives are indif-
ferently, weakly, or strongly preferable to each other, and even if they are incomparable, if
there is no sufficient information to distinguish the preference between them.

For instance, let’s take two alternatives, a and b, to be compared on one criterion, g. They are
indifferent (aIb) if the difference between the performances of these two alternatives is smaller
than the indifference threshold (q). The alternative a is weak preferred to b of the difference of
their performances is between the thresholds of indifference (q) and preference (p). The strong
preference occurs when the difference of their performances is greater than the preference
threshold (p). Finally, the incomparability of alternatives occurs when this difference sur-
passes the veto threshold (v) or if there is no sufficient information to compare the alternatives
(Fig. 12.7).

After the pairwise comparison of alternatives considering all criteria defined in the deci-
sion problem structuring, concordance and discordance indices are created. The former is a
fuzzy index indicating the truth of the assertion “alternative a is at least as good as b on such
criterion g.” The discordance index indicates if some criterion is more or less discordant with
the previous assertion. By taking into account both indices, a credibility index is calculated;
then, the ranking of alternatives can be built through distillations procedures. It must be
noted that the way the credibility index is constructed excludes the possibility of compensa-
tion between criteria (Dias et al., 2006).

FIG. 12.7 The outranking relationship in ELECTRE III.
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The case study presentation

In order to host the Olympic and Paralympic Games 2016, the city of Rio de Janeiro mas-
sively invested in expanding collective transportation networks, more especially extending
and improving the quality of metro services and expanding the use of bus rapid transit
(BRT) systems. It is well known that an efficient public transport system goes beyond the sim-
ple improvement of population mobility. The increased use of non-motorized transport and
public transport are directly associated with environmental benefits such as reducing green-
house gas (GHG) emissions, which influences reducing respiratory diseases, improving hu-
man health (Banister, 2008). Moreover, GHG mitigation measures applied in the transport
sector can enhance positive impacts for all three sustainability dimensions (IPCC, 2014).

A sustainable lifecycle analysis was carried out comparing BRT and metro, focusing on
BRT Transcarioca and Metro Line 4. With 39km of extension, the BRT Transcarioca serves
27 neighborhoods, has 47 stations, and allows the integration with rail systems, metro, other
BRT lines and connects with the International Airport. The majority of its users are middle
and low-income people (BRT Rio, 2019). Metro Line 4 extends for 16km underground,
connecting the south region to the west side of the city, which is the region with the largest
population growth in recent years. Travel between these regions can require up to 2h by car or
bus when traffic is heavy, while by metro this time can be reduced to 30min (Nobrega, 2012).

The sustainable life cycle analysis comprised an integrated assessment of nine criteria:
three criteria of each sustainable dimension—environmental, social, and economic
(Table 12.1). ELECTRE III was applied to facilitate the interpretation of these indicators
and indicate the most sustainable option of public transport. Equal weights were assumed

TABLE 12.1 Criteria used in the assessment.

Sustainable

dimension Criterion Unit Reference

Environment Cr1: Climate change kg CO2e Martins and Angelo
(2018)

Cr2: Particulate matter formation 10�3 kg PM10e

Cr3: Photochemical oxidant
formation

10�2 kg NMVOC

Social Cr4: Perception of quality of service % of users that considered
good/very good

ITDP (2018)

Cr5: Travel time reduction Minute

Cr6: Perception of transport
expenditures reduction

% of population that earns up
to 1 minimum wage

Economic Cr7: Demand Users per day (Thousand) Deng and Nelson
(2011)

Cr8: Investment on infrastructure Brazilian currency (Billion) Restum (2018), Castro
et al. (2015)

Cr9: Operational and maintenance
costs and expenditures

Brazilian currency
(Thousand)

Baker Tilly Brazil
(2017), Invepar (2017)
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for the criteria, and the thresholds adopted were 0.1 for indifference, 0.2 for preference,
and no veto threshold.

The three environmental criteria come from the LCA study carried out by Martins and
Angelo (2018). Climate change, particulate matter formation, and photochemical oxidant for-
mation were considered as most relevant for Rio de Janeiro city due to the existing reduction
goals for anthropic GHG emissions established by a municipal law of 2011 and the constant
monitoring of the air quality in terms of CO, SO2, O3, NOx, and PM10 emissions (SMAC,
2012). The attributional comparative LCA of BRT Transcarioca and Metro Line 4 adopted
1 passenger kilometer travelled (pkm) as functional unit. Vehicle manufacture, infrastructure
construction, maintenance, and operation phase were assumed as system boundaries. The
end of life was not included in the analysis due to the high complexity of evaluating final des-
tination routes as well as the lack of data available in Brazil of the waste sector.

The social criteria chosen were obtained from a field survey (ITDP, 2018) considering pas-
sengers point-of-view as well as the institutions involved in the planning, management, and
operation process of these transportation systems. The criterion travel time refers to the av-
erage time gained in the trip with the implementation of the system, the quality of service is
related to comfort and safety, and the perception about the expenses is correlated to the pas-
senger’s monthly income.

The economic criteria were chosen as they reflect the most relevant indicators of an eco-
nomic analysis. The number of users per day is an acknowledged criterion for operational
and financial performance of public transport systems. The infrastructure investment is cru-
cial in the comparison, since the investment required is significant and distinct for each sys-
tem. The annual operational and maintenance costs and expenditures are crucial information
that must be managed (Table 12.2).

Due to the uncertainties and vagueness of real-world decision-problems involving sustain-
ability, mainly regarding lower accuracy of inventory data and of decision makers’ prefer-
ence, the indifference and preference thresholds are defined to illustrate the preference or
indifference of one alternative compared to another. For instance, the indifference threshold
0.1 means for such criterion, the acceptance threshold of an alternative to another is 10%.
According to Rogers and Bruen (1998), the thresholds are linked to the margin of uncer-
tainty/error associated with the criterion in question. Therefore, the fuzzy relationships

TABLE 12.2 Performance matrix.

Alternative/Criteria Cr1 Cr2 Cr3 Cr4 Cr5 Cr6 Cr7 Cr8 Cr9

BRT 0.040 0.059 0.021 0.660 38 0.420 234 2 766,099

Metro 0.035 0.087 0.024 0.780 27 0.150 160 10.4 85,100

Direction Min Min Min Max Max Max Max Min Min

Indifference (q) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Preference (p) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Veto (v) NA NA NA NA NA NA NA NA NA

Weights 1 1 1 1 1 1 1 1 1

NA, not applied.
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between alternatives built on each criterion serve as a basis to determine the concordance and
discordance indices, which leads to the credibility index, then the ranking the alternatives
through distillations procedures. The results of ELECTRE III have shown BRT Transcarioca
as the most sustainable option compared to Metro Line 4. In fact, from a social and economic-
perspective, BRT has favorable performance for the majority of criteria, while in the environ-
ment dimension they are similar.

A sensitivity analysis was carried out in order to investigate the stability of the results by
varying some modeling parameters. The results have shown an outranking relationship of
indifference between BRT and Metro Line 4 when the criteria related to investment and costs
were removed from the analysis, reflecting the fragility of the results, which could be handled
by taking into account more criteria in the assessment; likewise annual revenues, utility fac-
tor, jobs created, social acceptability, social benefit and security.

LCSA integrated with non-classical approaches

The uncertainties of LCSA studies were treated by Ren and Toniolo (2018) through the ap-
plication of a novel MCDA method, which allows the use of interval numbers in the perfor-
mance matrix, thus leading to incorporate the uncertainties of LCSA by taking a hydrogen
production as a case study. Moreover, the authors have treated the uncertainties of the
weighting process, since definingweights unambiguouslymay not be an easy task in sustain-
able problems.

The authors built the performance matrix by taking into account the LCSA results as in-
terval numbers, established the weights by carrying out a novel fuzzy weighting method
(an improved version of the decision-making trial and evaluation laboratory (DEMATEL))
to address interdependences and interactions between the criteria assessed. Thus, they
ranked the alternatives by applying an improved version of the distance from average solu-
tion (EDAS) to take into account the interval evaluation. This application do not only indi-
cated the feasibility of this novel approach but also its accuracy for sustainable problems.

The internal uncertainties of LCSA are also treated by Tarne et al. (2019). Fifty-four decision
makers from different areas of a German automotive company were asked through limit con-
joint analysis to rank the economic, environment, and social performance of a vehicle com-
ponent. The results were evaluated by functional clusters and for the entire sample, and
the authors observed a large spread in weighting without clear clustering, and, on average,
all the three sustainability dimensions were almost equally important.

Uncertainties concerning the weighting process in decision-making involving sustainabil-
ity are also clear in their study, since the analysis has pointed out different points of view
depending on the area of acting of the decision-maker, even at the same company. Those peo-
ple working in sustainable areas gave more importance to the social dimension, followed by
environment and economic. While non-sustainability people put economic at first position.
The approach proposed by Tarne and co-authors enabled the decision-making within LCSA
by treating the uncertainties of the weighting process.

External uncertaintieswere treated byDoCarmo et al. (2018) through applying a three-step
methodology: (1) assessment of LCSA uncertainties; (2) extending LCSAperformances uncer-
tainty toMCDAmethods (eg. weighted sum, PROMETHEE and TOPSIS); and (3) interpreting
the stochastic rankings resulted from the MCDA methods; by taking the life cycle of truck
tires in Brazil as a case study.
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The authors considered the reference flows of the system product analyzed, the use of data
from Ecoinvent database, transport distances, the end-of-life benefits, land use change, etc. as
sources of uncertainties of the environmental dimension in the LCSA study. They performed
a Monte Carlo simulation in order to represent these uncertainties, then applied the MCDA
methods to propagate the uncertainties and analyzed the probabilities to establish a general
ranking. Their results demonstrated the feasibility to account LCSA uncertainties in a
decision-making through MCDA, hence determining a compromise solution in a more
robust way.

12.4 Final remarks

The multi-dimensional nature of LCSA requires a multi-criteria approach on decision-
making. It is consensual that it brings more complexity to the decision process, since different
points of view of stakeholders and diverse indicators must be considered. In this sense,
MCDAmethods have been recognized as a powerful tool, not only to aggregate LCSA results,
but also to allow taking into account trade-offs, and quantitative and qualitative indicators.

Besides these issues, the assessment of the sustainability performance of products, ser-
vices, and processes has plenty of external uncertainties, related to modeling parameters
and inventory data. Another uncertainty typically critical in decision-making based on LCSA
refers to introducing weights to the sustainability dimensions, which can be considered an
internal uncertainty. Therefore, the multifaceted uncertainties rooted in LCSA require a
multi-criteria approach capable of handling them and providing robust and accurate
decision-making, going beyond a simple sensitivity analysis.

In practice, there are several LCSA studies integrating MCDA methods to support
decision-making, but very few studies have adopted an approach dealing with LCSA uncer-
tainties. A traditional MCDA outranking method from the European School can treat uncer-
tainties and imprecise information by integrating fuzziness into the outranking relationships
of alternatives. ELECTRE III provides the possibility for a decision-maker to analyze both
the qualitative and quantitative indicators at different levels of ambiguity. Moreover, as a
partially or non-compensatory method, ELECTRE III is a powerful tool for decision-making
involving sustainability.

The application of non-traditional multi-criteria approaches in LCSA to aid decision-
making treating its uncertainties is expected to increase, as it is feasible to provide robust
decision-making through these approaches. However, they are not so widely used, perhaps
because they are often unworkable or difficult to put in practice in real-world problems. De-
spite this, the application of these methods has to be encouraged and, from that, noted in the
literature as a reference for the LCSA and decision-making under uncertainties.
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13.1 Introduction

Life cycle assessment (LCA), also called “environmental life cycle assessment” regulated
by ISO 14040 standard has been recognized as one of themost powerful tools for assessing the
environmental performance of a product or process in life cycle perspective from the extrac-
tion of raw materials to the end of the product (Saad et al., 2011). However, as a tool, LCA
which is environmental-centric cannot incorporate the economic and social performances.
Life cycle costing (LCC), which refers to an economic performance technique, can encompass
all associated costs of a product in its whole life cycle (Sherif and Kolarik, 1981). Social life
cycle assessment (SLCA), is a social assessment technique to assess the social performance
of products and the potential impacts, including both positive and negative, in their life cycle
(UNEP, 2009). Similarly, life cycle costing (LCC) and social life cycle assessment (SLCA) can
only investigate the economic and the social pillar of sustainability, respectively. Life cycle
sustainability assessment (LCSA), which combines LCA, LCC, and SCLA, can assess the eco-
nomic, environmental, and social aspects of products or processes (Guin�ee, 2016). Therefore,
life cycle sustainability assessment has been widely used for sustainability assessment of
energy and industrial systems recently for its advantage of incorporating economic, environ-
mental, and social dimensions of sustainability simultaneously.

LCSA can be employed to compare the relative performances of different energy and
industrial systems with respect to the indicators in economic, environmental, and social
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aspects. However, the results of LCSA cannot answer one of the most common questions
of the users: which is the most sustainable scenario among these alternatives? This is because
the users must face a set of conflict criteria when selecting the most sustainable energy
and industrial system among various alternatives. Accordingly, LCSA is combined with
multi-criteria decision analysis, also called “multi-criteria decision-making,” for ranking
the alternative energy and industrial systems according to their sustainability performances.
For instance, Ren et al. (2015b) combined LCSA with AHP (analytic hierarchy process) and
VIšekriterijumsko KOmpromisno Rangiranje (VIKOR) for sustainability prioritization of
three bioethanol production pathways (corn-based, wheat-based, and cassava-based).
Xu et al. (2017) combined LCSA with the vector-based three-dimensional algorithm and
AHP for ranking three alternative ammonia production processes.

All these studies ranked the energy and industrial systems based on the condition that all
the data with respect to the evaluation criteria are crisp numbers (fuzzy numbers were
transformed into crisp numbers). In addition, many methods for achieving life cycle sustain-
ability ranking under uncertainties were developed. Ren et al. (2017a, b) developed an
improved weighting method and an extended extension theory for ranking energy and
industrial systems under uncertainties. Ren (2018a) employed the fuzzy two-stage logarith-
mic goal programmingmethod and the interval grey relational analysismethod for determin-
ing the sustainability sequence of four electricity generation systems. Ren et al. (2018)
developed an interval best-worst method for determining the weights of the criteria for sus-
tainability assessment based on the opinions of multiple stakeholders and developed an
interval multi-criteria decision-making method for sustainability ranking of industrial sys-
tems, which address the decision-making matrix composed by using interval numbers.
Moreover, there also some studies focusing on developing some methods for achieving life
cycle sustainability ranking of alternatives when the users do not have the real data of the
alternatives with respect to the evaluation criteria and all the data were based on the
judgments of the decision-makers/stakeholders.

Manzardo et al. (2012) employed the improved grey relational analysis to select the most
sustainable scenario among twelve hydrogen production technologies, and all the data
(relative performances) of these technologies with respect to the evaluation criteria were
determined based on the judgments of the experts. Onat et al. (2016) employed the
intuitionistic fuzzy TOPSIS (technique for order of preference by similarity to ideal solution)
to rank seven alternative vehicle technologies. Based on the above-mentioned analysis, there
is still a great challenge to be overcome, because LCSA usually involves multiple types of
information besides data uncertainty problems, and linguistic variables corresponding to
fuzzy numbers were also usually used to describe the relative performances of the alterna-
tives with respect to some “soft” criteria, the data to which cannot be quantified directly.
The crisp numbers and the interval numbers are usually used in LCC and LCA for the
“hard” criteria, the linguistic variables corresponding to intuitionistic fuzzy numbers are
employed to describe the relative performances of the energy and industrial systems with
respect to the “soft” criteria.

Besides the introduction section, the remaining parts of this study have been organized
as follows: the developing multi-criteria decision-making method under multi-type data
condition is developed in Section 13.2; an illustrative case is studied in Section 13.3; sensitivity
analysis is carried out in Section 13.4; and finally, this study is concluded in Section 13.5.
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13.2 Decision-making under multi-type data condition

The basics of interval number and intuitionistic fuzzy numbers were firstly introduced;
then, the multi-criteria decision-makingmethod for life cycle sustainability ranking of energy
and industrial systems under hybrid information was developed.

13.2.1 Preliminary of interval numbers and intuitionistic fuzzy numbers

Definition 13.1 Interval numbers (Xu, 2008; Yue, 2011).
Let x� ¼ xL, xU

� �¼ x xL � x� xU,xL � xU,xL, xU 2R
��� �

was defined as an interval number,

which varies from xL to xU, and is a positive interval number if 0� xL � xU . x� turns into a
real number when xL¼xU.

Definition 13.2 Arithmetic operations (Xu, 2008; Yue, 2011).
Let x� ¼ xL, xU

� �¼ x 0< xL � x� xU,xL � xU,xL, xU 2R
��� �

and
y� ¼ yL, yU

� �¼ y 0< yL � y� yU,yL � yU,yL, yU 2R
��� �

, and k>0, then,

k �x� ¼ k xL, xU
� �¼ kxL, kxU

h i
(13.1)

x� + y� ¼ xL, xU
� �

+ xL, xU
� �¼ xL + yL, xU + yU

� �
(13.2)

x��y� ¼ xL, xU
� �� xL, xU

� �¼ xLyL, xUyU
� �

(13.3)

x�
� �k ¼ xL, xU

� �� �k ¼ xL
� �k

, xU
� �kh i

(13.4)

Definition 13.3 (Xu and Da, 2002)
Let x� ¼ xL, xU

� �
and y� ¼ yL, yU

� �
be two interval numbers; the possibility that x��y�:

P x� � y�
� �¼ max 1�max

yU�xL

Lx� +Ly�
, 0

 !
, 0

( )
(13.5)

where P(x��y�) represents the possibility that x��y�, Lx� ¼ xU� xL represents the length of
x� ¼ xL xU

� �
, and Ly� ¼ yU� yL represents the length of y� ¼ yL yU

� �
.

In a similar way, the possibility that y��x� can be determined by Eq. (13.6).

P x� � y�
� �¼ max 1�max

yU�xL

Lx� +Ly�
, 0

 !
, 0

( )
(13.6)

where P(y��x�) represents the possibility that y��x�.
P(x��y�) satisfies the following:

0�P x� � y�
� �� 1
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(1) P(x��y�)¼1 if and only if yU�xL;
(2) P(x��y�)¼0 if and only if xU�yL;
(3) P(x��y�)¼0.5 if and only if x�¼y�; and

P x� � y�
� �

+P y� � x�
� �¼ 1

Definition 13.4 Distance between two interval numbers (Xu, 2008).
Let x� ¼ xL, xU

� �
and y� ¼ yL, yU

� �
be two interval numbers; the distance between x� and y�

can be determined by Eq. (13.7).

d x�, y�
� �¼ 1

2
xL� yL
�� ��+ xU� yU

�� ��� �
(13.7)

Where d(x�,y�) represents the distance between x� ¼ xL, xU
� �

and y� ¼ yL, yU
� �

.

Definition 13.5 Intuitionistic fuzzy set (Atanassov, 1986; Szmidt and Kacprzyk, 2001).
An intuitionistic fuzzy set A inXwas defined by Atanassov (1986); the intuitionistic fuzzy set
A on X can be defined as (Atanassov, 1986):

A¼ A, μA xð Þ, υA xð Þð Þj x2Xf g (13.8)

where
μA(x) :X! [0,1] and υA(x) :X! [0,1] should satisfy:

0� μA xð Þ+ υA xð Þ� 1 (13.9)

for all x2X.
μA(x) :X! [0,1] and υA(x) :X! [0,1] represent the degree of membership of x to A and that of
non-membership of x to A, respectively.
After determining the degree of membership and that of the non-membership, the indeter-
minacy degree which represents the hesitancy degree of the decision-makers forx to A can
be determined, as presented in Eq. (13.10).

πA xð Þ¼ 1�μA xð Þ�υA xð Þ,x2X (13.10)

where πA(x) represents the indeterminacy degree of x to X.
The indeterminacy degree πA(x) is different from the degree of membership μβ(x)and the de-
gree of non-membership υβ(x) of x to X; it can be used as a measure of the degree of indeter-
minacy of x to X. Accordingly, an intuitionistic fuzzy number A can usually be represented
by A¼ (μA,υA,πA) which consists of the degree of membership, non-membership, and
indeterminacy.

Definition 13.6 Transfer intuitionistic fuzzy set into interval number (Zhou et al., 2005).
Let A¼ (μA,υA,πA) be an intuitionistic fuzzy set, and it can be transferred into an interval
number by Eq. (13.11).

A� ¼ μA 1�υA½ � (13.11)
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Definition 13.7 Addition between intuitionistic fuzzy numbers (Xu and Yager, 2006).
Let γ¼ (μγ,υγ,πγ) and β¼ (μβ,υβ,πβ) be two intuitionistic fuzzy numbers; the addition operation
between these two intuitionistic fuzzy numbers can be determined by Eq. (13.12).

A	B¼ μA, υA, πAð Þ	 μB, υB, πBð Þ¼ μA + μB�μAμB, υAυB, 1 + μAμB�μA�μB�υAυBð Þ (13.12)

	n
j¼1

Aj ¼ 	n
j¼1

μAj
, υAj

, πAj

	 

¼ 1�

Yn
j¼1

1�μAj

	 

,
Yn
j¼1

υAj
,
Yn
j¼1

1�μAj

	 

�
Yn
j¼1

υAj

0
@

1
A (13.13)

Definition 13.8 Scale multiplication (Xu and Yager, 2006).
Let A¼ (μA,υA,πA) be an intuitionistic fuzzy set and λ be a real number, then,

λA¼ 1� 1�μAð Þλ, υAð Þλ, 1�μAð Þλ� υAð Þλ
	 


(13.14)

The criteria determined by LCA, LCC, and SLCA can be divided into two types: the
so-called soft criteria and hard criteria. The data of the alternative industrial or energy sys-
tems with respect to the “hard” criteria can be determined through field survey, simulation,
estimation, and calculation, based on the LCA database or software. However, the data with
respect to the “soft” criteria usually cannot be quantified or described in a quantitative way.
Moreover, the alternative industrial or energy systems usually involve different stakeholders
and different stakeholders have different willingness, preferences, and interests. Therefore, it
is usually difficult to determine the data of the alternative industrial or energy systems with
respect to the “soft” criteria. Therefore, a novel way for determining the data with respect to
the “soft” criteria was developed in this study, and it consists of four steps:

Step 1: Determining all the groups of stakeholders. A representative stakeholder will be
selected for each group to collect the preferences, opinions and interests of each group.
A focus group meeting can be held to determine the relative performances of the alternative
industrial or energy systems with respect to the “soft” criteria based on the opinions of each
group of stakeholders. The representative stakeholder in each group will work as the coor-
dinator, and a consensus will be achieved in each group.

Step 2: Rate the alternative industrial or energy systems with respect to each “soft” crite-
rion (Zhou et al., 2005). The stakeholders are asked to use the eleven linguistic variables to
describe the relative performances of the alternatives with respect to the “soft” criteria,
and they are absolutely good (AG), very good (VG), good (G), pretty good (PG), moderately
good (MG), medium (M), moderately bad (MB), pretty bad (PB), bad (B), very bad (VB),
and absolutely bad (AB). AG, VG, G, PG, MG, M, MB, PB, B, VB, and AB correspond
to ten intuitionistic fuzzy numbers, which are (1,0,0), (0.90,0.05,0.05), (0.80,0.10,0.10),
(0.70,0.15,0.15), (0.60, 0.20,0.20), (0.50,0.50,0), (0.40,0.40,0.20), (0.30,0.55,0.15), (0.20,0.70,0.10),
(0,.10,0.85,0.05), and (0,1.00,0), respectively (Zhou et al., 2005).

Step 3: Determining the data of the alternatives with respect to each “soft” criterion.
Assuming that there are a total of K groups of stakeholders, and the kth group of stakeholders
use the intuitionistic fuzzy numbers Aij

k¼ (μij
k ,υij

k ,πij
k) to describe the relative performances of

the ith alternative with respect to the jth criterion, which is a “soft” criterion. According to
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Eqs. (13.13), (13.14), the average intuitionistic fuzzy score of the ith alternative with respect to
the j-th criterion can be determined by Eq. (13.15).

xij ¼

XK
k¼1

Ak
ij

K
¼

	K
k¼1

μkij, υ
k
ij, π

k
ij

	 

K

¼ 1�
YK
k¼1

1�μkij

	 

,
YK
j¼1

υkij,
YK
j¼1

1�μkij

	 

�
YK
j¼1

υkij

0
@

1
A (13.15)

where xij represents the average intuitionistic fuzzy score of the ith alternative with respect to
the jth criterion.

Step 4: Transforming the average intuitionistic fuzzy score into the interval number. The
average intuitionistic fuzzy score is transformed into the interval number according to
Eq. (13.11), as presented in Eq. (13.16).

x�ij ¼ xLij xUij

h i
¼ 1�

YK
k¼1

1�μkij

	 

1�
YK
j¼1

υkij

" #
(13.16)

where xij
�, which is an interval number, represents the average performance of the ith alter-

native with respect to the jth criterion based on the opinions of the K groups of stakeholders,
xij
L and xij

U are the lower and upper bounds of the interval number xij
�, respectively.

13.2.2 Multi-criteria decision analysis under multi-data condition

The multi-criteria decision analysis model can be described as follows:

(1) There are a total of M alternative industrial or energy systems, and they are {S1,S2,…,SM};
(2) There are N criteria in environmental, economic, and social dimensions for sustainability

assessment of the alternative industrial or energy systems, and they are {C1,C2,…,CN}; and
(3) The weights of the N criteria for sustainability assessment are {ω1,ω2,…,ωN}, and they can

represent the relative importance of these criteria in the decision-making process and the
preferences of the stakeholders.

The framework of the developed multicriteria decision analysis for life cycle sustainability
ranking of energy and industrial systems is presented in Fig. 13.1.

The multi-criteria decision analysis under multi-data condition developed in this study is
specified as follows:

Step 1: Determining the decision-making matrix. The decision-making matrix consists of
all the alternatives (i.e., alternative energy or industrial systems), the criteria for evaluating or
prioritizing the alternatives, and the data of the alternatives with respect to each of the eval-
uation criteria. As for the data with respect to the “hard” criteria, they can be described by
using the real numbers or the interval numbers directly. As for the data with respect to
the “soft” criteria, they can be determined by using the eleven linguistic variables; subse-
quently, these linguistic variables can be transformed into intuitionistic fuzzy numbers; then,
these intuitionistic fuzzy numbers can be aggregated and averaged into the average
intuitionistic fuzzy scores by Eq. (13.15); and finally, the average intuitionistic fuzzy scores
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can be transformed into interval numbers by Eq. (13.16). After this, the decision-making ma-
trix, which is composed of interval numbers, can be determined, as presented in Eq. (13.17).

X¼

C1 C2 ⋯ CN

A1 x�11 x�12 ⋯ x�1N
A2 x�21 x�22 ⋯ x�2N
⋮ ⋮ ⋮ ⋱ ⋮
AM x�M1 x�M2 ⋯ x�MN

(13.17)

x�ij ¼ xLij xUij

h i
(13.18)

where X represents the decision-making matrix, xij
�, which is an interval number, represents

the data of the ith alternative with respect to the jth criterion, and xij
Land xij

U are the lower and
upper bounds of the interval number xij

�, respectively.

FIG. 13.1 The framework of the developed multi-criteria decision analysis under hybrid information.
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Step 2: Normalizing the decision-making matrix. The decision-making matrix presented in
Eq. (13.17) should be normalized to avoid the influences caused bydifferent dimensions or units.
As for the normalization of the data in the decision-making matrix, the data should be normal-
ized according to the types of the criteria. As for the datawith respect to the benefit-type criteria:

y�ij ¼
xLij

xj

xUij

xj

" #
¼ yLij yUij

h i
(13.19)

where yij
�, which is an interval number, represents the normalized data of the ith alternative

with respect to the jth criterion, and yij
L and yij

U represent the lower and upper bounds of the
interval numberyij

�, respectively.
xj , which represents the average value of the upper bounds of the data with respect to the

jth criterion can be determined by Eq. (13.20).

xj ¼

XM
i¼1

xUij

M
(13.20)

As for the data with respect to the cost-type criteria:

y�ij ¼
1=xUij

xj

1=xLij

xj

" #
¼ yLij yUij

h i
(13.21)

where yij
�, which is an interval number, represents the normalized data of the ith alternative

with respect to the jth criterion, and yij
L and yij

U represent the lower and upper bounds of the
interval numberyij

�, respectively.
xj can be determined by Eq. (13.22).

xj ¼

XM
i¼1

1

xLij

M
(13.22)

Then, the normalized decision-makingmatrix can be determined, as presented in Eq. (13.23).

Y¼

C1 C2 ⋯ CN

A1 y�11 y�12 ⋯ y�1N
A2 y�21 y�22 ⋯ y�2N
⋮ ⋮ ⋮ ⋱ ⋮
AM y�M1 y�M2 ⋯ y�MN

(13.23)

where Y represents the normalized decision-making matrix.
Step 3: Determining theweights of theN criteria for sustainability assessment. The interval

best-worst method developed by Ren (2018b) is based on the works of Rezaei (2015, 2016) and
Entani et al. (2001). It consists of three sub-steps:

Sub-step 1: Determining themost important (i.e., the best) criterion and the least important
(i.e., the worst) criterion according to the opinions of the stakeholders in the decision-making
process, denoted by CB and CW, respectively (Rezaei, 2015, 2016).
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Sub-step 2: Determine the BO andOWvectors byusing the interval numbers (Ren, 2018a, b).
The comparison method is usually used in many weighting methods, and the numbers

from 1 to 9 (corresponding to different linguistic variables, as presented in Table 13.1) and
their reciprocals are used to describe the relative importance of one criterion over another.

The single number approach sometimes cannot describe the relative importance of one cri-
terion over another accurately because of the vagueness, hesitations, and ambiguity existing
in the minds of the stakeholders. The interval numbers such as [1 3] and [2 4] rather than the
single numbers are used to describe the relative importance. Then, the BO and theOWvectors
can be determined:

BO¼ a�B1 a�B2 ⋯ a�BT
� �

(13.24)

OW¼ a�1W a�2W ⋯ a�TW
� �

(13.25)

where aBj
�(j¼1,2,⋯,T) and ajW

� (j¼1,2,⋯,T) represent the relative preference of the most
important criterion comparing with the jth criterion and that of the jth criterion comparing
with theworst criterion; aBj

L and aBj
U are the upper and lower bounds of aBj

�(j¼1,2,⋯,T), respec-
tively; and ajW

L and ajW
U are the upper and lower bounds of ajW

� (j¼1,2,⋯,T), respectively.
Sub-step 3: Determining the central weights of the criteria (Rezaei, 2015, 2016). The central

weights of the criteria can be determined by solving Eq. (13.26).

minξ

s:t:

ωC
B

ωC
j

�
aLBj + aUBj

2

�����
������ ξ, j¼ 1,2,⋯,n

ωC
j

ωC
W

�
aLjW + aUjW

2

�����
������ ξ, j¼ 1,2,⋯,n

Xn
j¼1

ωC
j ¼ 1

ωC
j � 0, j¼ 1,2,⋯,T

(13.26)

whereωj
C,ωB

C andωW
C represent the central weight of the jth criterion, the central weights of the

best criterion and that of the worst criterion, respectively.

TABLE 13.1 Nine-scale in Saaty method (Saaty, 1978).

Scale Definition Scale Definition

1 Equally important 2 Between equally important and moderately important

3 Moderately important 4 Between moderately important and essentially important

5 Essentially important 6 Between essentially important and very strongly important

7 Very Strongly important 8 Between very strongly important and absolutely important

9 Absolutely important
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Sub-step 4: Consistency check (Rezaei, 2015). The consistency ratio can be determined by
Eq. (13.27) (Ren, 2018a, b).

CR¼ ξ∗

aLBW + aUBW +1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4aLBW + 4aUBW +1

q
2

(13.27)

where ξ∗ is the minimum value of the objective function in programming (13.26), and CR rep-
resents the consistency ratio.

The value of CR represents the consistency level of the decision-makers’ judgments in de-
termining the BO and OW vectors, and the closer to zero, the more consistent the
judgments are.

Sub-step 5: Calculating the interval weights of the criteria. The radius of the weight of each
criterion can be determined by solving the programming (13.28).

min λ

s:t:
ωC
B �dB

ωC
j + dj

� aLBj

ωC
B + dB

ωC
j �dj

� aUBj

ωC
j �d

ωC
W + dW

� aLjW

ωC
j + dj

ωC
W �dW

� aUjW

dj � λ

ωC
j �dj � 0

j¼ 1,2,⋯,T

(13.28)

where dj, dB, and dW represent the radius of the weights of the jth criterion, the best criterion,
and the worst criterion, respectively.

After determining the radius of each weight, the interval weight of each criterion can be
determined by Eq. (13.29).

ω�
j ¼ ωL

j ωU
j

h i
¼ ωC

j �dj ωC
j + dj

h i
(13.29)

whereωj
� represents the interval weight of the jth criterion, andωj

L andωj
U represent the lower

and upper bounds of the interval weight of the jth criterion, respectively.
Based on the above-mentioned five sub-steps in Step 3, the weights of the three dimensions

of sustainability and the local of the criteria in each dimension can be determined. Then, the
global weight of each criterion can be determined by using the local weight of each criterion
multiplied with the weight of the corresponding dimension to which it belongs.

Step 4: Determining the weighted normalized decision-making matrix. The weighted nor-
malized decision-making matrix can be determined by Eqs. (13.30), (13.31) after determining
the normalized decision-making matrix and the global weights of the criteria.
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Z¼

C1 C2 ⋯ CN

A1 z�11 z�12 ⋯ z�1N
A2 z�21 z�22 ⋯ z�2N
⋮ ⋮ ⋮ ⋱ ⋮

AM z�M1 z�M2 ⋯ z�MN

(13.30)

z�ij ¼ zLij zUij

h i
¼ω�

j y
�
ij ¼ ωL

j y
L
ij ωU

j y
U
ij

h i
(13.31)

Step 5: Determining the sustainability ranking of the alternatives. The ideal solutions with
respect to the criteria can be determined by Eq. (13.32).

max
M

i¼1
zUi1
� �

max
M

i¼1
zUi2
� �

⋯ max
M

i¼1
zUiN
� �� 

(13.32)

where max
M

i¼1
zUij

n o
j¼ 1,2,⋯,N represents the best ideal solution with respect to the jth

criterion.
This study develops a goal programming model for selecting the best alternative or the

most sustainable alternative among multiple choices based on the work of Ren et al.
(2015b). The principle of this model is that the best alternative should be the choice that is
the closest to the ideal solution. In other words, the best alternative should have the shortest
distance to the ideal solution.

The objective function is to minimize the total distance to the ideal solution, as presented in
Eq. (13.33).

Min
XN
j¼1

gLj + gUj

2

 !
(13.33)

with the following constraints, including goal constraints, 0-1 constraint, and the selection
constraint (Ren et al., 2015a, b).

Goal constraints:

XM
i¼1

zLij zUij

h i
pi + gLj gUj

h i
¼ max

M

i¼1
zUij

n o
max
M

i¼1
zUij

n o� �
j¼ 1,2,⋯,T (13.34)

The constraints presented in Eq. (13.34) can be further rewritten into:

XM
i¼1

zLijpi + gLj ¼ max
M

i¼1
zUij

n o
j¼ 1,2,⋯,T (13.35)

XM
i¼1

zUij pi + gUj ¼ max
M

i¼1
zUij

n o
j¼ 1,2,⋯,T (13.36)

0-1 constraint:

pi ¼ 1 if the ith alternativehasbeen selected as the best alternative
0 otherwise

�
(13.37)
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Selection constraint:

XM
i¼1

pi ¼ 1 (13.38)

pi¼1 shows that the ith has been recognized as the best alternative. After determining the
best alternative among the M alternatives, the best alternative among the M�1 alternatives
can also be determined by repeating, according to the programming shown in Eqs. (13.33)–
(13.36). With M�1 times, the priority sequence of these M alternatives can be determined.

13.3 Case study

In order to illustrate the developed multi-criteria decision analysis method for life cycle
sustainability ranking of energy and industrial systems, five electricity generation systems,
including electricity generation from coal, oil, biomass, ocean energy, and wind energy, in
Mexico (Santoyo-Castelazo, 2011) were studied by the proposed method. Santoyo-Castelazo
(2011) carried out a comprehensive sustainability analysis of these alternative electricity gen-
eration systems. A total of eight criteria were used to evaluate the sustainability of electricity
generation systems: overnight investment costs (EC1) and levelized costs (EC2) in the eco-
nomic dimension, global warming potential (EN1), acidification potential (EN2), abiotic de-
pletion potential (EN3) and eutrophication potential (EN4) in the environmental
dimension, and public acceptability (S1) and technologymaturity (S2) in the social dimension.

The data of these five electricity generation systems, with respect to these six hard criteria,
EC1, EC2, EN1, EN2, EN2, and EN4, were derived from the work of Santoyo-Castelazo (2011).
However, the data with respect to the two soft criteria, S1 and S2, were evaluated by three
groups of stakeholders by using the eleven linguistic variables, and they are researcher
and engineer group (DM#1), administration group (DM#2), and user group (DM#3). The per-
formances of these five alternative electricity generation systems by using multiple types of
data are presented in Table 13.2. After this, the developed multi-criteria decision analysis
method was employed to rank these five alternatives.

TABLE 13.2 The performance of the five alternative electricity generation systems by using multiple types
of data.

Coal Oil Biomass Ocean Wind

LCC EC1 USD.kW�1 [602 4671] 1817 [2500 7431] [3186 6354] [1223 3716]

EC2 USD.MWh�1 [33 114] 102 [63 197] [224 347] [70 234]

LCA EN1 gCO2-eq.kWh�1 [950 1300] [40 110] [17 388] [8 50] [8 55]

EN2 gSO2-eq.kWh�1 [0.7 11] [2 7] [0.2 0.8] 0.04 [0.05 0.3]

EN3 gSb-eq.kWh�1 [5 10] [3 8] [0.1 1.1] 0.05 [0.1 0.4]

EN4 gPO4-eq.kWh�1 [0.1 0.6] [0.05 0.22] [0.07 0.6] 0.01 [0.01 0.04]

SLCA S1 / VB,VB,B MB,PB,M MG,M,MG PG,G,G VG,G,VG

S2 / VG,VG,VG VG,VG,G G,G,VG M,MB,MB MG,M,M

Reference: Santoyo-Castelazo (2011).
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Step 1: Determining the decision-making matrix with multi-type data. It is apparent that
all the data of these five electricity generation technologies derived from the literature are in-
terval numbers or real numbers. It is very easy to transform the real numbers into interval
numbers. For instance, the data of the electricity based on ocean energy with respect to acid-
ification potential (EN2) is 0.04 gSO2-eq.kWh�1, and it can be transformed into interval num-
ber [0.04 0.04] g SO2-eq.kWh�1. In a similar way, all the real numbers can be transformed into
the format of interval numbers.

As for the relative performances of the five alternative electricity generation systems de-
scribed by using linguistic variables, these can be transformed into average intuitionistic
fuzzy numbers by Eq. (13.15). Then, the average intuitionistic fuzzy numbers can be
transformed into interval numbers by Eq. (13.16). Taking the electricity generation system
based on coal with respect to public acceptability (S1) as an example, three linguistic
variables, including VB, VB, and B were used, and they correspond to (0,0.10,0.85,0.05),
(0,0.10,0.85,0.05), and (0.20,0.70,0.10). The average intuitionistic fuzzy score can be deter-
mined, as presented in Eq. (13.39).

xij ¼
1� 1�0:1ð Þ� 1�0:1ð Þ� 1�0:2ð Þ,0:85�0:85�0:70,

1�0:1ð Þ� 1�0:1ð Þ� 1�0:2ð Þ�0:85�0:85�0:70

� �
¼ 0:352, 0:50575, 0:14225ð Þ

(13.39)

After this, the average intuitionistic fuzzy score can be transformed into an interval
number.

x�ij ¼ xLij xUij

h i
¼ 0:352 1�0:50575½ � ¼ 0:352 0:49425½ � (13.40)

In a similar way, all the data of these five electricity generation systems with respect to
public acceptability (S1) and technology maturity (S2) can be determined (Table 13.3).

Step 2: Normalizing the decision-making matrix. There are two benefit-type criteria (S1
and S2) and six cost-type criteria (EC1, EC2, EN1, EN2, EN3 and EN4). The data with respect
to these two benefit-type criteria can be normalized by Eqs. (13.19), (13.20), the data with

TABLE 13.3 The performance of the five alternative electricity generation systems by using interval numbers.

Coal Oil Biomass Ocean Wind

LCC EC1 USD.kW�1 [602 4671] [1817 1817] [2500 7431] [3186 6354] [1223 3716]

EC2 USD.MWh�1 [33 114] [102 102] [63 197] [224 347] [70 234]

LCA EN1 gCO2-eq.kWh�1 [950 1300] [40 110] [17 388] [8 50] [8 55]

EN2 gSO2-eq.kWh�1 [0.7 11] [2 7] [0.2 0.8] [0.04 0.04] [0.05 0.3]

EN3 gSb-eq.kWh�1 [5 10] [3 8] [0.1 1.1] [0.05 0.05] [0.1 0.4]

EN4 gPO4-eq.kWh�1 [0.1 0.6] [0.05 0.22] [0.07 0.6] [0.01 0.01] [0.01 0.04]

SLCA S1 / [0.352
0.49425]

[0.79 0.89] [0.92 0.98] [0.988
0.9985]

[0.998
0.99975]

S2 / [0.999
0.999875]

[0.998
0.99975]

[0.996
0.9995]

[0.82 0.92] [0.90 0.95]
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respect to these six cost-type criteria can be normalized by Eqs. (13.21), (13.22). The results are
presented in Table 13.4.

Step 3: Determining the weights of the three dimensions of sustainability and the local
weights of the criteria in eachdimension. Taking the three dimensions of sustainability as an ex-
ample, the environmental dimension and the social dimensionwere recognized as themost im-
portant and the least important, respectively. The BO and the OW are presented in Table 13.5.

Based on the BO and OW vectors, the following programming model was established for
determining the central weights of these three dimensions:

minξ

s:t:

ωC
EN

ωC
EC

�1 + 3

2

����
����� ξ

ωC
EN

ωC
S

�3 + 6

2

����
����� ξ

ωC
EC

ωC
S

�2 + 3

2

����
����� ξ

ωC
EC +ωC

EN +ωC
S ¼ 1

ωC
EC � 0

ωC
N � 0

ωC
S � 0

(13.41)

TABLE 13.4 The normalized decision-making matrix.

Coal Oil Biomass Ocean Wind

EC1 [0.2860 2.2190] [0.7352 0.7352] [0.1798 0.5343] [0.2102 0.4193] [0.3595 1.0922]

EC2 [0.5869 2.0275] [0.6560 0.6560] [0.3396 1.0620] [0.1928 0.2987] [0.2859 0.9558]

EN1 [0.0115 0.0157] [0.1357 0.3733] [0.0385 0.8783] [0.2986 1.8664] [0.2715 1.8664]

EN2 [0.0088 0.1376] [0.0138 0.0481] [0.1204 0.4814] [2.4072 2.4072] [0.3210 1.9257]

EN3 [0.0123 0.0247] [0.0154 0.0411] [0.1121 1.2336] [2.4671 2.4671] [0.3084 1.2336]

EN4 [0.0341 0.2047] [0.0930 0.4094] [0.0341 0.2924] [2.0468 2.0468] [0.5117 2.0468]

S1 [0.4034 0.5665] [0.9054 1.0201] [1.0544 1.1232] [1.1324 1.1444] [1.1438 1.1458]

S2 [1.0259 1.0268] [1.0248 1.0266] [1.0228 1.0264] [0.8420 0.9447] [0.9242 0.9755]

TABLE 13.5 The BO and OW vectors for determining the weights of
economic, environmental, and social dimensions.

Economic Environmental Social

BO [1 3] 1 [3 6]

OW [2 3] [3 6] 1
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where ωEC
C , ωEN

C and ωS
C represent the central weights of the economic, environmental, and

social dimension, respectively.
The results of programming (Eq. 13.41) are presented in Table 13.6. The consistency ratio can

be calculated by Eq. (13.27), and the results are presented in Eq. (13.42). It is apparent that the
consistency ratio is zero, which is less than 0.10 (0.10 was set as the threshold value for judging
the consistency level; the judgments canbe recognizedas consistencywhen the consistency ratio
is less than 0.10, or the users need to revise the BO or/and OW vectors until it is less than 0.10).

CR¼ 0:0925

3 + 6+ 1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 3 + 6ð Þ+1

p
2

¼ 0:0018< 0:10 (13.42)

After determining the central weights of these three dimensions, the radius of theweight of
each dimension can be determined according to Eq. (13.28), and the following programming
model was established:

min λ

s:t:
ωC
EN�dEN

ωC
EC + dEC

� 1

ωC
EN + dEN

ωC
EC�dEC

� 3

ωC
EN�dEN

ωC
S + dS

� 3

ωC
EN + dEN

ωC
S �dS

� 5

ωC
EC�dEC

ωC
S + dS

� 1

ωC
EC + dEC

ωC
S �dS

� 3

dEC � λ

dEN � λ

dS � λ

ωC
EC�dEC � 0

ωC
EN�dEN � 0

ωC
S �dS � 0

(13.43)

TABLE 13.6 The results of programming (Eq. 13.41).

Variables/objectives ωEC
C ωEN

C ωS
C ξ∗

Values 0.3009 0.5741 0.1250 0.0925

Radius 0.1366 0.1366 0.0231 NA

Interval weights [0.1643 0.4375] [0.4375 0.7107] [0.1019 0.1481] NA
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The radiuses of the weights of these three dimensions can be determined after solving pro-
gramming (Eq. 13.3), and they are 0.1366, 0.1366, and 0.1032, respectively. Then, the interval
weights of these three dimensions can be determined according to Eq. (13.29).

In a similar way, all the interval weights of the criteria in each dimension can be deter-
mined. The results are presented in Table 13.7.

The global weights of these eight criteria can be determined after the local weights of the
criteria in each dimension and the weights of the dimensions. Taking the global weight of the
overnight investment costs (EC1) as an example (Table 13.8):

0:1643 0:4375½ �� 0:3000 0:5000½ � ¼ 0:0493 0:2188½ � (13.44)

Step 4: Determining the weighted normalized decision-making matrix. The data of
each cell in the weighted normalized decision-making matrix can be determined by

TABLE 13.7 The local weights of the criteria in each dimension.

EN EN1 EN2 EN3 EN4

BO 1 1 [2 4] [5 7]

OW [5 7] [5 7] [1 4] 1

Central weights 0.3964 0.3964 0.1436 0.0635

Radius 0.0291 0.0219 0.0400 0.0400

Interval Weights [0.3673 0.4255] [0.3673 0.4255] [0.1036 0.1836] [0.0235 0.1035]

ξ∗ ¼ 0:2396,CR¼ 0.2396
5 + 7+ 1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 5 + 7ð Þ+1
p
2

¼ 0:0799< 0:10

EC EC1 EC2

BO [1 2] 1

OW 1 [1 2]

Central weights 0.4000 0.6000

Radius 0.1000 0.1000

Interval weights [0.3000 0.5000] [0.5000 0.7000]

ξ∗¼0, CR¼0<0.10

S S1 S2

BO 1 [2 3]

OW [2 3] 1

Central weights 0.7143 0.2857

Radius 0.0476 0.0476

Interval weights [0.6667 0.7619] [0.2381 0.3333]

ξ∗¼0, CR¼0<0.10
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calculating the product of the data with respect to the evaluation criterion in the normalized
decision-making and the interval weight of the evaluation criteria. For instance, the data
of cell (1,1) in the weighted normalized decision-making matrix can be determined
by Eq. (13.45) (using the data of the coal-based electricity generation system with respect
to EC1 to multiply with the global weight of EC1). In a similar way, all the data in the
weighted normalized decision-making matrix can be determined, and the results are
presented in Table 13.9. The ideal solutions with respect to each evaluation criterion can
be determined.

0:2860 2:2190½ �� 0:0493 0:2188½ � ¼ 0:0141 0:4855½ � (13.45)

Then, the following programming was established to determine the most sustainable
electricity generation system:

TABLE 13.8 The global weights of the eight criteria for sustainability assessment of electricity
generation systems

Local weights Global weights

Economic ([0.1643 0.4375]) EC1 [0.3000 0.5000] [0.0493 0.2188]

EC2 [0.5000 0.7000] [0.0822 0.3062]

EN1 [0.3673 0.4255] [0.1607 0.3024]

Environmental ([0.4375 0.7107]) EN2 [0.3673 0.4255] [0.1607 0.3024]

EN3 [0.1036 0.1836] [0.0453 0.1305]

EN4 [0.0235 0.1035] [0.0103 0.0736]

Social ([0.1019 0.1481]) S1 [0.6667 0.7619] [0.0679 0.1128]

S2 [0.2381 0.3333] [0.0243 0.0494]

TABLE 13.9 The weighted normalized decision-making matrix.

Coal Oil Biomass Ocean Wind Ideal solutions

EC1 [0.0141 0.4855] [0.0362 0.1609] [0.0089 0.1169] [0.0104 0.0917] [0.0177 0.2390] 0.4855

EC2 [0.0482 0.6208] [0.0539 0.2009] [0.0279 0.3252] [0.0158 0.0915] [0.0235 0.2927] 0.6208

EN1 [0.0018 0.0048] [0.0218 0.1129] [0.0062 0.2656] [0.0480 0.5644] [0.0436 0.5644] 0.5644

EN2 [0.0014 0.0416] [0.0022 0.0146] [0.0193 0.1456] [0.3868 0.7279] [0.0516 0.5823] 0.7279

EN3 [0.0006 0.0032] [0.0007 0.0054] [0.0051 0.1610] [0.1118 0.3220] [0.0140 0.1610] 0.3220

EN4 [0.0004 0.0151] [0.0010 0.0301] [0.0004 0.0215] [0.0211 0.1506] [0.0053 0.1506] 0.1506

S1 [0.0274 0.0639] [0.0615 0.1151] [0.0716 0.1267] [0.0769 0.1291] [0.0777 0.1293] 0.1293

S2 [0.0249 0.0507] [0.0249 0.0507] [0.0249 0.0507] [0.0205 0.0467] [0.0225 0.0482] 0.0507
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Min
X8
j¼1

gLj + gUj

2

 !

ZLPT + GL
� �T ¼ Zmaxð ÞT

ZUPT + GU
� �T ¼ Zmaxð ÞT

ZL ¼

0:0141 0:0362 0:0089 0:0104 0:0177

0:0482 0:0539 0:0279 0:0158 0:0235

0:0018 0:0218 0:0062 0:0480 0:0436

0:0014 0:0022 0:0193 0:3868 0:0516

0:0006 0:0007 0:0051 0:1118 0:0140

0:0004 0:0010 0:0004 0:0211 0:0053

0:0274 0:0615 0:0716 0:0769 0:0777

0:0249 0:0249 0:0249 0:0205 0:0225

��������������������

��������������������

ZU ¼

0:4855 0:1609 0:1169 0:0917 0:2390

0:6208 0:2009 0:3252 0:0915 0:2927

0:0048 0:1129 0:2656 0:5644 0:5644

0:0416 0:0146 0:1456 0:7279 0:5823

0:0032 0:0054 0:1610 0:3220 0:1610

0:0151 0:0301 0:0215 0:1506 0:1506

0:0639 0:1151 0:1267 0:1291 0:1293

0:0507 0:0507 0:0507 0:0467 0:0482

��������������������

��������������������
P¼ p1 p2 p3 p4 p5j j

GL ¼ gL1 gL2 gL3 gL4 gL5 gL6 gL7 gL8
�� ��

GU ¼ gU1 gU2 gU3 gU4 gU5 gU6 gU7 gU8
�� ��

Zmax ¼ 0:4855 0:6208 0:5644 0:7279 0:3220 0:15060:1293 0:0507j j

pi ¼
1 if the ith alternativehas been selected as the best alternative

0 otherwise

(
, i¼ 1,2,⋯,5

X5
i¼1

pi ¼ 1

(13.46)

The results of the programming model (Eq. 13.46) are presented in Table 13.10.

TABLE 13.10 The results of programming model (Eq. 13.46).

Variables p1 p2 p3 p4 p5

Value 0 0 0 1 0
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It is apparent that the electricity generation system based on ocean energywas recognized as
themost sustainable. In a similar way, the sustainability rankings of these other four alternative
electricity generation systems can also be determined, and the results are presented in Fig. 13.2.
It is worth pointing out that the ideal solutions with respect to the evaluation criteria may be
different in the ranking process when the number of the alternatives changes.

The ranking of ocean-energy-based electricity generation system as the most sustainable is
reasonable, because this scenario performs the best in all the four environmental criteria.
Meanwhile, it has very good public acceptability. The weights of global warming potential
(EN1), acidification potential (EN2), abiotic depletion potential (EN3), and public acceptability
(S1) are also very high; this is also the reason why the ocean-energy-based electricity gener-
ation system was recognized as the most sustainable.

13.4 Sensitivity analysis

In order to test the influences of the weights of the evaluation criteria on the sustainability
ranking of the five electricity generation systems, the following nine scenarios were studied,
and they are:

Scenario 0: using the weights determined by the interval best-worst method;
Scenario 1 (all the eight criteria play an equally important role): 0.1250 was set as the
weight for all the eight criteria; and
Scenarios 2–9 (a dominant criterion and seven equally important criteria): 0.3700was set as
the weight of the dominant criterion and 0.0900 was set as the weights of the other seven
criteria. For instance, 0.3700 was set as the weight of EC1 in scenario 2 and 0.0900 was set as
the weights of the other seven criteria.

The most sustainable electricity generation system determined under the conditions in the
above-mentioned ten scenarios is presented in Table 13.11. It is apparent that ocean-energy-
based electricity generation system was recognized as the most sustainable in all the ten sce-
narios. It means that the ocean-energy-based electricity generation system has a dominant
advantage compared with the other four electricity generation systems.

FIG. 13.2 The sustainability rankings of the five electricity generation systems.

TABLE 13.11 The most sustainable electricity generation system in sensitivity analysis.

Scenarios 0 1 2 3 4 5 6 7 8 9

The most
sustainable

Ocean Ocean Ocean Ocean Ocean Ocean Ocean Ocean Ocean Ocean
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13.5 Conclusions

Life cycle sustainability assessment can be used to determine the economic sustainability,
environmental sustainability, and social sustainability of different energy and industrial sys-
tems. However, it is still difficult for the decision-makers to determine the most sustainable
alternative after life cycle sustainability assessment. This study aims to develop a novel multi-
criteria decision analysis method for achieving life cycle sustainability ranking of energy and
industrial systems under hybrid information, because there are usually multiple types of data
after life cycle sustainability assessment. All in all, the developedmethod in this study has the
following advantages:

(1) Linguistic variables corresponding to intuitionistic fuzzy numbers are used to accurately
describe the alternative energy and industrial systems with respect to the “soft” criteria,
which cannot be quantified directly.

(2) Uncertainties can be addressed by using the interval numbers, and decision-making is
achieved under uncertainties.

(3) The ambiguity and hesitations existing in the decision-makers’ judgments can be solved
by using the interval best-worst method.

(4) The developedmethod can help the decision-makers to select themost sustainable energy
and industrial system among different alternatives using hybrid information.

However, the weighting method used cannot incorporate the preferences and opinions of
different decision-makers simultaneously; thus, the weights can only reflect the willingness
of a specific group of stakeholders. Meanwhile, all the criteria for sustainability assessment
were assumed to be independent; thus, the interdependences among these criteria were not
considered in the decision-making. Therefore, the future work of the authors is to develop a
multi-criteria decision analysis method that can solve the above-mentioned two problems for
life cycle sustainability ranking of energy and industrial systems.
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C H A P T E R

14

Life cycle sustainability decision-
making framework for the

prioritization of electrochemical
energy storage under uncertainties

Sen Guoa,b
aSchool of Economics and Management, North China Electric Power University, Beijing, China
bBeijing Key Laboratory of New Energy and Low-Carbon Development (North China Electric

Power University), Beijing, China

14.1 Introduction

Nowadays, fossil fuel energy contributes about 70% of electricity generation all over the
world, which has caused some issues such as environment worsening and energy shortage
(Luo et al., 2015). To tackle this kind of issue, many countries have issued incentive policies
and measures to develop renewable energy, which is used to generate electricity. However,
the renewable energy such as wind power and solar PV power has the characteristics of in-
termittency, volatility, and uncertainty, which bring great negative impacts on the stable op-
eration of an electric power system (Ahlborg and Hammar, 2014; Luthra et al., 2015). Energy
storage, which can charge and discharge electricity energy, is deemed an important support
for renewable energy power deployment in electric power system, because it can charge the
redundant electricity from renewable energy and discharge the stored electricity when there
is little or even no wind or sunlight (Ren and Ren, 2018).

There are several kinds of energy storage, including mechanical storage, electro-magnetic
storage, and electrochemical energy storage (Dunn et al., 2011; Poullikkas, 2013). In the past
few years, the electrochemical energy storage, such as lead-acid battery, Li-ion battery and
Nas battery, has attracted more and more attention. In China and the USA, electrochemical
energy storage has developed rapidly, and 100-MW-level electrochemical energy storage has
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been deployed in the renewable energy-based electric power system. However, how to select
the most suitable electrochemical energy storage is a practical and vital issue for electric
power operators and planners. Different electrochemical energy storage systems have vari-
ous characteristics regarding life time, power rating, discharge time, and energy density, and
one kind of electrochemical energy storage may have an advantage related to one criterion
but may be weak on other criteria. So, the prioritization and selection of electrochemical en-
ergy storage can be classified as a multi-criteria decision-making (MCDM) issue, including
various conflicting criteria.

Currently, there are many MCDM methods, such as AHP, TOPSIS, matter-element exten-
sion model, grey relation decision-making, and best-worst method, some of which have been
employed in the prioritization of electrochemical energy storage. Barin et al. (2009) employed
the analytic hierarchy process (AHP) and fuzzy logic to assess the operations of different me-
chanical energy storage systems. Daim et al. (2012) evaluated the priority values of three en-
ergy storage technologies by using fuzzy Delphi, AHP, and fuzzy consistent matrix based on
experts’ judgments. Gumus et al. (2013) developed a new MCDM model based on Buckley
extension fuzzy AHP and linear normalization fuzzy grey relation analysis (GRA) for the se-
lection of Turkey’s hydrogen storage. Ozkan et al. (2015) conducted the evaluation on electric
energy storage based on decision-makers’ opinions and judgments by using AHP and type-2
fuzzy TOPSIS MCDM method.

Ren (2018) proposed a novel intuitionistic fuzzy combinative distance-based assessment
approach for sustainability prioritization of energy storage technologies, which combines in-
terval AHP for criteria weight determination and intuitionistic fuzzy combinative distance-
based assessment method for alternative prioritization. Ren and Ren (2018) performed the
sustainability ranking of energy storage technologies under uncertainties using the non-
linear fuzzy prioritization and intervalMCDMmethod, and the ranking result was compared
with that of interval TOPSIS. Zhao et al. (2018) conducted the comprehensive performance
assessment on various battery energy storage systems using a multi-criteria decision-making
(MCDM) model, in which a fuzzy-Delphi approach was used to establish the comprehensive
assessment indicator system, the entropy weight determination method and the best-worst
method (BWM) were used to calculate weights of all sub-criteria, and a Vlsekriterijumska
Optimizacija I Kompromisno Resenje (VIKOR) used to choose the optimal battery ESS. Zhao
et al. (2019) proposed an integrated MCDM method combining fuzzy-Delphi, best-worst
method, and fuzzy cumulative prospect theory for comprehensive assessment on battery en-
ergy storage systems considering risk preferences of decision-makers.

The above-mentioned studies have provided valuable tools and methods for the selection
of electric energy storage. However, there are still several research gaps, as follows:

(1) The evaluation index system is fragmentary, and mostly focuses on the production stage,
not considering the life cycle sustainability view.

(2) The criteria weight determination rarely considers the opinions of different decision-
makers, and only considers one integrated decision-maker’s judgment.

(3) The prioritization of electrochemical energy storage still lacks consideration of
uncertainties from data collection and decision-making processes.

To tackle these issues, this chapter aims at developing a life cycle sustainability decision-
making framework for the prioritization of electrochemical energy storage under uncer-
tainties. The evaluation criteria are selected from the perspective of life-cycle sustainability,
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the criteria weights are determined using group BWM, and the performance of different elec-
trochemical energy storage technologies are ranked using fuzzy TOPSIS considering the un-
certainties. Compared with the previous research, the developed life cycle sustainability
decision-making framework for the prioritization of electrochemical energy storage under
uncertainties has the following advantages:

(1) Criteria system from the perspective of life cycle sustainability: both the quantitative
criteria and qualitative criteria in multiple dimensions including economic,
environmental, social, and technological aspects based on the life cycle view for
sustainability assessment of electrochemical energy storage are determined.

(2) Accurate criteria weight determination: the Bayesian BWM is employed to determine the
weights of all the criteria, which can consider the opinions and judgments of multiple
decision-makers or stakeholders.

(3) Decision-making under uncertainties: the fuzzy TOPSIS method, which can address
uncertainties, is used to assess the performance of electrochemical energy storage
technologies, in which the uncertainties of criteria values are representative by triangular
fuzzy numbers.

The remainder of this chapter is organized as follows: Section 14.2 presents the criteria sys-
tem for life cycle sustainability decision-making for the prioritization of electrochemical en-
ergy storage under uncertainties; the developed MCDM method for the prioritization of
electrochemical energy storage, which combines the Bayesian BWM for criteria weight deter-
mination and the fuzzy TOPSIS method for alternative ranking is introduced in Section 14.3;
four energy storage technologies, namely lead-acid battery, Li-ion battery, Nas battery, and
NiMH battery, are evaluated using the developed MCDM method in Section 14.4; and
Section 14.5 concludes the chapter.

14.2 Criteria system for life cycle sustainability decision-making of the
prioritization of electrochemical energy storage

The life cycle sustainability decision-making criteria should include three pillars, namely
economy, society, and environment, “from cradle to grave,” not only the production stage
(Ren and Toniolo, 2018). The life cycle sustainability assessment (LCSA) on the prioritization
of electrochemical energy storage should integrate life cycle assessment (LCA) for the envi-
ronmental pillar, life cycle costing (LCC) for the economic pillar, and social life cycle assess-
ment (SLCA) for the social pillar, which can achieve sustainability assessment from the
perspective of life cycle (Ren and Toniolo, 2018). For the life cycle sustainability framework
of the prioritization of electrochemical energy storage, the criteria of different pillars need to
be valued from a life cycle perspective. According to the results of LCC, the criteria values of
electrochemical energy storage related to the economic pillar (such as production cost and life
cycle cost) can be determined. According to the results of LCA, the criteria of electrochemical
energy storage related to the environmental pillar (such as CO2 intensity) can be valued. The
SLCA, can be used to determine the criteria value of electrochemical energy storage related to
the social pillar (such as social acceptance). Besides the above-mentioned three pillars of sus-
tainability, namely economic criteria, environmental criteria, and social criteria, the techno-
logical criteria should be included into the sustainability assessment, especially for the
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assessment objectives with new technology. The electrochemical energy storage is an emerg-
ing matter with advanced technology. Therefore, the life cycle sustainability assessment on
the prioritization of electrochemical energy storage includes four pillars, namely economy,
society, environment, and technology.

The criteria system is quite important for the life cycle sustainability assessment on the pri-
oritization of electrochemical energy storage; and a vital criteria system can accurately assess
the performance of different electrochemical energy storage technologies. However, there is no
standard for the criteria system establishment of the prioritization of electrochemical energy
storage, because different decision-makers have their own thinking and preferences. In this
chapter, a criteria system is built for life cycle sustainability assessment of the prioritization
of electrochemical energy storage. According to the related publishedworks and the comments
from the expert panel including university professors and electric power system practitioners,
the criteria system of life cycle sustainability assessment of the prioritization of electrochemical
energy storage is built, which includes eight criteria in four pillars, namely: capital intensity
(C1) and operation cost (C2) in the economic pillar; social acceptance (C3) and electric power
system reserve capacity reduction (C4) in the social pillar; CO2 intensity (C5) in the environ-
mental pillar; and cycle life (C6), energy efficiency (C7), and self-discharge rate (C8) in the tech-
nological pillar. Just as in the above discussion, this criteria system of life cycle sustainability
assessment on the prioritization of electrochemical energy storage can be revised according
to the opinions and preferences of decision-makers and the actual situations.

The criteria system of life cycle sustainability assessment on the prioritization of electro-
chemical energy storage is shown in Fig. 14.1. Among eight criteria, there are seven hard
criteria (C1, C2, C4, C5, C6, C7, and C8), one soft criteria (C3), four minimum-type criteria
(C1, C2, C5, and C8), and four maximum-type criteria (C3, C4, C6, and C7).

FIG. 14.1 The criteria system of life cycle sustainability assessment on the prioritization of electrochemical energy
storage.
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14.3 Methods

The framework of life cycle sustainability assessment for the prioritization of electrochem-
ical energy storage is introduced in Section 14.3.1; secondly, the Bayesian BWM method for
life cycle sustainability criteria weight determination is presented in Section 14.3.2; finally, the
fuzzy TOPSIS method for sustainability ranking of different electrochemical energy storage
technologies from the perspective of life cycle is presented.

14.3.1 Life cycle sustainability assessment framework

The life cycle sustainability assessment framework for the prioritization of electroche-
mical energy storage aims to rank the comprehensive performances of different electrochem-
ical energy storage technologies and then select the best one based on economic, social,
environmental, and technological aspects. This framework can be divided into three stages,
which are:

Stage 1: Build the criteria system and determine the criteria value. The criteria system
needs to be built from the life cycle sustainability perspective. According to Section 14.2,
the criteria system of the life cycle sustainability assessment for electrochemical energy
storage includes four pillars, namely economy, society, environment, and technology,
which consist of eight criteria. The LCA, LCC, and SLCA can be used to collect the criteria
value in environmental, economic, and social aspects, respectively. Different from the crisp
numbers used by the traditional LCA, LCC, and SLCA, the triangular fuzzy numberwill be
used to value the criteria, which can address the uncertain issue related to criteria value.
Stage 2: Determine the criteria weights for life cycle sustainability assessment. The latest
MCDM method, Bayesian best-worst method (BBWM) (Mohammadi and Rezaei, 2019),
which can consider the opinions and judgments of multiple decision-makers, is employed
to determine the criteria weights of life cycle sustainability assessment for the prioritization
of electrochemical energy storage from groupMCDM view. Meanwhile, the BWM is more
convenient and easy to operate compared with AHP (Rezaei, 2015).
Stage 3: Rank the life cycle sustainability of electrochemical energy storage technologies.
The fuzzy TOPSIS method, which can consider the uncertainties of criteria data, is
employed to rank and prioritize the life cycle sustainability of electrochemical energy
storage.

14.3.2 Criteria weights determination using Bayesian BWM

Best-worst method (BWM) is a new pairwise comparison-based MCDM method (Rezaei,
2015; Rezaei, 2016). It only needs 2n�3 pairwise comparisons, while the most popular
pairwise comparison-based MCDM method, AHP, needs n(n�1)/2 pairwise comparisons.
For BWM, the decision-makers firstly select the best criteria and the worst criteria, and then
compare them with other criteria, not performing pairwise comparisons between any two
criteria. This gives a structure to the problem and can help decision-makers provide more
reliable pairwise comparisons (Guo and Zhao, 2017). However, the BWM determine the op-
timal weights of a set of evaluation criteria based on the preference of only decision-maker or
stakeholder, which cannot consider the opinions of multiple decision-makers. If there are
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multiple decision-makers, the BWMwill use the average operator (such as arithmetic or geo-
metric mean) to aggregate the preferences of multiple decision-makers and calculate the ar-
ithmetic mean of the criteria weights obtained from the individual decision-makers, which
has the disadvantages of outlier sensitivity and restricted information provision. Actually,
different decision-makers maybe select different best criteria and worst criteria when using
BWM to determine the criteria weights. So, the BWM needs to be extended to the group
decision-making environment. In 2019, the Bayesian best-worst method (BBWM) was pro-
posed by Mohammadi and Rezaei (2019), which can determine the aggregated criteria
weights for a group of decision-makers at once, other than the average operator. The inputs
between BWM and BBWM are same, but the outputs of BBWM is the optimal aggregated
weights, which can consider the total preferences of all decision-makers or stakeholders along
with the confidence level for ranking the criteria.

14.3.2.1 The basic theory and step of BWM

The BWMdetermine the criteria weights by pairwise comparisons between the best criteria
and other criteria as well as between the worst criteria and other criteria conducted by only
one decision-maker. The detailed theory and steps of BWM are listed as follows (Guo and
Zhao, 2017; Rezaei, 2015; Rezaei, 2016).

Step 1: The decision criteria system needs to be built, which consists of a set of decision
criteria. The criteria values can represent the overall performances of different alternatives.
Suppose there are n criteria {c1,c2,⋯,cn}.

Step 2: The best criterion cB and the worst criterion cW are identified by decision-makers in
this step. The best criterion is the most desirable or the most important based on the prefer-
ences of decision-makers, while the worst criterion is the least desirable or the least important
criterion among all the criteria based on decision-makers’ preferences.

Step 3: The pairwise comparison between the best criterion and other criteria is conducted
in this step. The decision-makers calibrate their preferences of the best criterion to other
criteria using a number from one to nine, where one indicates the best criterion is equally im-
portant to the compared criterion, and ninemeans the best criterion is extremely more impor-
tant to the compared criterion. Based on the pairwise comparisons between the best criterion
and other criteria, the “best-to-others” vector AB can be obtained as:

AB ¼ aB1, aB2,⋯, aBnð Þ (14.1)

where aBj represents the preference of the best criterion to the criterion cj.
Step 4: The pairwise comparison between the worst criterion and other criteria is

conducted in this step. The decision-makers calibrate their preferences of other criteria to
the worst criterion using a number from one to nine. Based on the pairwise comparisons be-
tween other criteria and the worst criterion, the “others-to-worst” vector AWcan be obtained
as:

AW ¼ aW1, aW2,⋯, aWnð Þ (14.2)

where ajW represents the preference of the criterion cj over the best criterion.
Step 5: The optimal weights (w1

∗,w2
∗,⋯,wn

∗)of all the criteria can be obtained in this step.
According to the rules that the weight vector must be in the neighborhood of the equations
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wB/wj¼aBj and wj/wW¼ajW, it can minimize the maximum absolute differences wB

wj
� aBj

��� ��� and
wj

wW
� ajW

��� ���. Therefore, the following optimization issue can be built.

min max
j

wB

wj
� aBj

����
����, wj

wW
� ajW

����
����

� �
s:t:

Xn
j¼1

wj ¼ 1

wj � 0
j¼ 1,2,⋯,n

8>>><
>>>:

(14.3)

Then, the weight vector can also be calculated by the following equation:

min ξ

s:t:

wB

wj
� aBj

����
����� ξ

wj

wW
� ajW

����
����� ξ

Xn
j¼1

wj ¼ 1

wj � 0
j¼ 1,2,⋯,n

8>>>>>>>>>>><
>>>>>>>>>>>:

(14.4)

To check the consistency degree of pairwise comparison for criteria weight determination,
the veracity between the pairwise comparisons and their associated weight ratios can be
checked using the following consistency ratio (CR):

CR¼ ξ∗

CI
(14.5)

where ξ∗ is the optimal value of ξ, and CI is the consistency index, which is listed in Table 14.1.

14.3.2.2 The basic theory BBWM

For BBWM, the inputs and outputs have probabilistic interpretations. The value of criteria
indicates the importance of the corresponding criteria. From a probabilistic perspective, the
decision criteria can be seen as the random events, and then the decision criteria weights are
their occurrence likelihoods. Therefore, all the inputs and outputs need to be modelled as the
probability distributions, and the multinomial distribution is employed (Mohammadi and
Rezaei, 2019). The probability mass function (PMF) of the multinomial distribution for AW is:

P AW jwð Þ¼
Xn

j¼1
ajW

� �
!Qn

j¼1ajW!

Yn

j¼1
w

ajW
j (14.6)

TABLE 14.1 CI Table.

aBW 1 2 3 4 5 6 7 8 9

CI 0.00 0.44 1.00 1.63 2.30 3.00 3.73 4.47 5.23
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where w is the probability distribution.
Based on the multinomial distribution, the probability of the event j is proportionate to the

number of event occurrence to the total number of trials, namely:

wjα
ajWXn

j¼1
ajW

(14.7)

Then, it can be obtained:

wj

wW
αajW (14.8)

Meanwhile, AB can be modeled using the multinomial distribution, but it is different from
AW because the operation orders of the pairwise comparisons for the best criterion and the
worst criterion are reverse. So, there exists:

ABα multinomial 1=wð Þ (14.9)

where/represents the element-wise division operator.
Similarly,

wB

wj
αaBj (14.10)

Therefore, the criteria weights determination in the BWM is transferred to the estimation of
a probability distribution, and the statistical inference techniques can be used to find w in the
multinomial distribution.

The maximum likelihood estimation (MLE) is arguably the most popular inference tech-
nique that can find the optimal criteria weight vector, for which the Bayesian estimation
can be used. In the Bayesian inference, the Dirichlet distribution is employed to model the
criteria weights because of the non-negativity and sum-to-one properties of weight vector.
However, the MLE inference containing both AB and AW does not bear an analytical solution
due to the complexity of the corresponding optimization problem, and the simple Dirichlet-
multinomial conjugate cannot encompass AB and AW together. Thus, a Bayesian hierarchical
model is needed.

Assume that there are k decision-makers to assess n criteria using the vectors AB
k and AW

k ,
andwagg is the overall optimalweight. Thewaggcan be calculated based on the optimalweights
of k decision-makers shown by wk. In the BBWM, AB

1:k and AW
1:k are given, and w1:k and

waggneed to be estimated. Therefore, the following joint probability distribution can be
sought:

P wagg,w1:k
��A1:k

B ,A1:k
W

� �
(14.11)

Then, the probability of each individual variable can be computed using the following
probability rule:

P xð Þ¼
X
y

P x, yð Þ (14.12)

where x and y are two arbitrary random variables.
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The development of a Bayesian hierarchical model can refer to (Mohammadi and Rezaei,
2019). To compute the posterior distribution of a Bayesian hierarchical model, the Markov-
chain Monte Carlo (MCMC) techniques need to be used, and one of the best available prob-
abilistic languages “just another Gibbs sampler” (JAGS) is employed.

For BBWM, the optimization problem of the original BWM is substituted with a probabi-
listic model, and the above-mentioned model will replace Step 5 of the original BWM. The
inputs between the BWM and BBWM are identical, but the output of BBWM can provide
more information including the confidence of the relation between each pair of evaluation
criteria. Meanwhile, the credal ordering and ranking are also introduced. Interested readers
can refer to (Mohammadi and Rezaei, 2019).

14.3.3 Fuzzy TOPSIS method for sustainability ranking of different
electrochemical energy storage technologies from the perspective of life cycle

The original TOPSIS method combined with fuzzy set theory, namely fuzzy TOPSIS, is
employed to deal with the ambiguity and uncertainty of sustainability ranking of different
electrochemical energy storage technologies. The fuzzy TOPSIS conducts the combination
of fuzzy set theory and traditional TOPSIS method, which uses triangular fuzzy numbers
to represent the value of criteria (Guo and Zhao, 2015).

Fuzzy set theory, proposed by Zadeh, is an extension of the classical set theory (Zadeh,
1965). A fuzzy set a

�
is a pair (U,m) where U is a set and m :U! [0,1] is the membership func-

tion, denoted by μa� xð Þ. A triangular fuzzy number (TFN) is represented as a triplet
a
�¼ aL, aM, aR

	 

, and its membership function μa� xð Þ is expressed as:

μa� xð Þ¼

0 x< aL

x� aL

aM� aL
aL � x< aM

aR�x

aR� aM
aM � x� aR

0 x> aR

8>>>>><
>>>>>:

(14.13)

where aL, aM, and aR are crisp numbers (�∞ <aL�aM�aR<∞); aL and aR are the lower and
upper bounds of available area for evaluation data, respectively.

To transform the linguistic variables of decision-makers into TFN, the transformation rules
between the linguistic terms and fuzzy ratings need to be set first, as listed in Table 14.2 (Liao
et al., 2013; Zhao and Guo, 2014).

For fuzzy TOPSIS method, the entry in the decision matrix is represented by TFN, which
can characterize the fuzzy and uncertainty issues (Hwang et al., 1993; Wang, 2015). The de-
tailed steps of fuzzy TOPSIS method are introduced as bellow.

Step 1: Calculate the values of the quantitative criteria and the qualitative criteria respec-
tive to alternatives. Suppose that there are m alternatives A¼ {A1,A2,⋯Am} to be ranked. The
quantitative criteria of m alternatives can be valued based on the practical calculations and
survey. The qualitative criteria can be calculated based on the aggregate fuzzy linguistic rat-
ings for criteria performance of alternatives.

Let a
�
ikj ¼ aLikj, a

M
ikj, a

R
ikj

� �
, 0�aikj

L �aikj
M�aikj

R �1, i¼1, 2, ⋯, m, k¼1, 2, ⋯, n, j¼1, 2, ⋯, r be

the superiority linguistic rating on criteria performance assigned to alternative Ai by
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decision-maker Dj for criteria Ck. Then, the aggregate fuzzy linguistic rating a
�
ik ¼ aLik, a

M
ik , a

R
ik

� �
for criteria Ck of alternative Ai can be calculated by:

a
�
ik ¼ 1=rð Þ� a

�
ik1�⋯�a

�
ikj�⋯�a

�
ikr

� �
(14.14)

where aLik ¼
Pr

j¼1

aL
ikj

r , a
M
ik ¼

Pr
j¼1

aM
ikj

r , and aRik ¼
Pr

j¼1

aR
ikj

r .

Step 2: Determine the weights of all the criteria. In this chapter, the criteria weights
(w1,w2,⋯,wn)of sustainability ranking for different electrochemical energy storage technolo-
gies from the perspective of life cycle is determined using the Bayesian best-worst
method (BBWM).

Step 3: Build the initial fuzzy decisionmatrix. The initial fuzzy decisionmatrix A, as shown
in Eq. (14.15), can be obtained based on Step 1, and the entries are given in the form of a tri-
angular fuzzy number.

A¼ a
�
ik

� �
m�n

¼

a
�
11 a

�
12 ⋯ a

�
1n

a
�
21 a

�
22 ⋯ a

�
2n

⋮ ⋮ ⋮ ⋮
a
�
m1 a

�
m2 ⋯ a

�
mn

2
66664

3
77775¼

aL11, a
M
11, a

R
11

� �
aL12, a

M
12, a

R
12

� �
⋯ aL1n, a

M
1n, a

R
1n

� �
aL21, a

M
21, a

R
21

� �
aL22, a

M
22, a

R
22

� �
⋯ aL2n, a

M
2n, a

R
2n

� �
⋮ ⋮ ⋮ ⋮

aLm1, a
M
m1, a

R
m1

� �
aLm2, a

M
m2, a

R
m2

� �
⋯ aLmn, a

M
mn, a

R
mn

� �

2
66664

3
77775

(14.15)

Step 4: Normalize the initial fuzzy decision matrix. The criteria hold different attributes,
including benefit-type attribute (the larger the better) and cost-type attribute (the smaller the
better). Therefore, the normalization processing on all criteria need to be performed first.

For benefit-type criteria, the normalization processing is expressed as Eq. (14.16):

b
�
ik ¼ aLik=tk, a

M
ik =tk, a

R
ik=tk

� �
(14.16)

where tk ¼max
i

aRik
� �

For cost-type criteria, the normalization processing is expressed as Eq. (14.17):

b
�
ik ¼ tk=a

R
ik, tk=a

M
ik , tk=a

L
ik

� �
(14.17)

where tk ¼ min
i

aLik
� �

.

TABLE 14.2 Transformation rules of linguistic variables of decision-
maker.

Linguistic terms Membership function

Very low(VL) (0,0,0.2)

Low (L) (0,0.2,0.4)

Good (G) (0.3,0.5,0.7)

High (H) (0.6,0.8,1)

Very High (VH) (0.8,1,1)
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Then, the normalized fuzzy decision matrix B can be obtained as:

B¼ b
�
ik

� �
m�n

¼

b
�
11 b

�
12 ⋯ b

�
1n

b
�
21 b

�
22 ⋯ b

�
2n

⋮ ⋮ ⋮ ⋮

b
�
m1 b

�
m2 ⋯ b

�
mn

2
666664

3
777775¼

bL11, b
M
11, b

R
11

� �
bL12, b

M
12, b

R
12

� �
⋯ bL1n, b

M
1n, b

R
1n

� �
bL21, b

M
21, b

R
21

� �
bL22, b

M
22, b

R
22

� �
⋯ bL2n, b

M
2n, b

R
2n

� �
⋮ ⋮ ⋮ ⋮

bLm1, b
M
m1, b

R
m1

� �
bLm2, b

M
m2, b

R
m2

� �
⋯ bLmn, b

M
mn, b

R
mn

� �

2
66664

3
77775

(14.18)

Step 5: Construct the weighted normalized fuzzy decision matrix. The weighted normal-
ized fuzzy decision matrix C is equal to the normalized fuzzy decision matrix B times the
criteria weights, as follows:

C¼ cikð Þm�n ¼

w1�b
�
11 w2�b

�
12 ⋯ wn�b

�
1n

w1�b
�
21 w2�b

�
22 ⋯ wn�b

�
2n

⋮ ⋮ ⋮ ⋮

w1�b
�
m1 w2�b

�
m2 ⋯ wn�b

�
mn

2
666664

3
777775
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L
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L
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M
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2
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3
77775 (14.19)

Step 6: Determine the fuzzy positive and negative ideal solution. Let C+ and C� respec-
tively represent the fuzzy positive ideal solution and fuzzy negative ideal solution, which
can be computed by:

C+ ¼ c
�+

k

� �
¼ maxcik

i
j2 J1j Þ

 �
, mincik

i
j2 J2j Þ

 �� �

C� ¼ c
��
k

� �
¼ mincik

i
j2 J1j Þ

 �
, maxcik

i
j2 J2j Þ

 �� �
8>><
>>: (14.20)

where,

max
i

cik ¼ max
i

sLk b
L
ik, max

i
sMk b

M
ik , max

i
sRk b

R
ik

 �
; min

i
cik ¼ min

i
sLk b

L
ik, min

i
sMk bMik , min

i
sRk b

R
ik

 �
;

c
�+

k ¼ c+Lk , c+Mk , c+Rk

� �
c
��
k
¼ c�L

k , c�M
k , c�R

k

� �
i¼ 1,2,⋯,m; k¼ 1,2,⋯,n

where J1 and J2, respectively, represent the benefit-type criteria set and cost-type criteria set.
Step 7: Calculate the distance of each alternative from fuzzy positive and negative

ideal solution. A modified geometrical distance method is employed to calculate the dista-
nce between twoTFNs,whichhas themerits of powerful concept and easy implementation. The
distance d a

�
i, a
�
j

� �
between two triangular fuzzy number a

�
i and a

�
j can be computed by:

d a
�
i, a

�
j

� �
¼ aLi � aLj

� �2
+ 2 aMi � aMj

� �2
+ aRi � aRj

� �2
� �

=4

� �1=2

(14.21)
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Therefore, the distance (di
+,di

�) of alternative i (i¼1,2,⋯,m) from the fuzzy positive and
negative ideal solution can be calculated as follows:

d+
i ¼

Xn
k¼1

cLik� c+Lk

� �2
+ 2 cMik � c+Mk

� �2
+ cRik� c+Rk

� �2h i
=4

n o1=2
� �2

( )1=2

(14.22)

d�i ¼
Xn
k¼1

cLik� c�L
k

� �2
+ 2 cMik � c�M

k

� �2
+ cRik� c�R

k

� �2h i
=4

n o1=2
� �2

( )1=2

(14.23)

Step 8: Compute the closeness coefficient (CCi) of each alternative. The closeness coeffi-
cient represents the distance farthest from the fuzzy negative ideal solution C� and closet
to the fuzzy positive ideal solution C+ simultaneously, which can be computed by

CCi ¼ d�i
d+
i + d�i

,0�CCi � 1 (14.24)

Step 9: Rank the alternatives. The alternative with the maximum value of CCi has the
highest ranking score, which should be selected as the optimal alternative.

14.4 Empirical analysis

In order to illustrate the developed life cycle sustainability assessment framework for the
prioritization of electrochemical energy storage, four kinds of electrochemical energy storage
technologies are selected in this chapter: lead-acid battery (B1), Li-ion battery (B2), Nas bat-
tery (B3), and NiMH battery (B4). Eight criteria—namely capital intensity (C1) and operation
cost (C2) in the economic pillar; social acceptance (C3) and electric power system reserve ca-
pacity reduction (C4) in the social pillar; CO2 intensity (C5) in the environmental pillar; and
cycle life (C6), energy efficiency (C7) and self-discharge rate (C8) in the technological pillar—
are all employed to assess the life cycle sustainability of lead-acid battery, Li-ion battery, Nas
battery, andNiMH battery. Of these, the values of seven criteria, including C1, C2, C4, C5, C6,
C7, and C8, can be obtained from the related literatures and field research. The value of
criteria C3 cannot be obtained directly, but can be obtained based on the linguistic terms
of decision-makers.

The BBWM is employed to determine the weights of all the criteria and the relative per-
formances of the four batteries with respect to the soft criteria social acceptance (C3). Five
top-tier experts of energy storage including three professors focusing on energy engineering
and two practitioners were invited to give their preferences on different criteria related to the
criteria weight and performance.

14.4.1 Criteria weights calculation

Through rounds of questionnaire, the invited experts filled in a form to obtain the basic
information for BBWM. These five experts respectively recognize C5, C7, C8, C1, and C7
as the best criterion, and respectively consider C6, C2, C1, C6, and C3 as the worst criterion.
Meanwhile, these five experts also give their pairwise comparisons between the best criterion
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and other criteria, which are tabulated in Table 14.3, and their pairwise comparisons between
other criteria and the worst criterion, which are listed in Table 14.4.

Therefore, we can obtain the “best-to-others” vector AB, namely:

AB ¼

4 6 5 5 1 7 3 4
5 7 3 3 5 5 1 2
6 6 5 2 4 4 2 1
1 2 3 3 2 4 2 3
3 3 6 4 3 2 1 2

0
BBBB@

1
CCCCA

We can also obtain the “others-to-worst” vector AW, namely:

AW ¼

3 2 1 4 4
2 1 2 3 3
2 5 2 2 1
3 4 5 1 3
8 3 3 2 4
1 2 3 1 3
5 7 5 2 6
4 5 7 2 5

0
BBBBBBBBBB@

1
CCCCCCCCCCA

TABLE 14.3 The pairwise comparisons between the best criterion and other criteria for five experts.

C1 C2 C3 C4 C5 C6 C7 C8

The best criterion C5 obtained from Expert 1 4 6 5 5 1 7 3 4

The best criterion C7 obtained from Expert 2 5 7 3 3 5 5 1 2

The best criterion C8 obtained from Expert 3 6 6 5 2 4 4 2 1

The best criterion C1 obtained from Expert 4 1 2 3 3 2 4 2 3

The best criterion C7 obtained from Expert 5 3 3 6 4 3 2 1 2

TABLE 14.4 The pairwise comparisons between other criteria and the worst criterion for five experts.

The worst

criterion C6

obtained from

Expert 1

The worst

criterion C2

obtained from

Expert 2

The worst

criterion C1

obtained from

Expert 3

The worst

criterion C6

obtained from

Expert 4

The worst

criterion C3

obtained from

Expert 5

C1 3 2 1 4 4

C2 2 1 2 3 3

C3 2 5 2 2 1

C4 3 4 5 1 3

C5 8 3 3 2 4

C6 1 2 3 1 3

C7 5 7 5 2 6

C8 4 5 7 2 5
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Thus, according to the theory of Bayesian BWM introduced in Section 14.3.2, the averages
of the Dirichlet distribution of wagg can be calculated by using Matlab software, giving the
final optimal weights values of eight criteria, which are listed in Fig. 14.2. It should be men-
tioned that BBWM obtains the aggregated distribution and all the individual preferences at
once by using probabilistic modeling, which are valid and make perfect sense.

Fig. 14.3 displays the credal ranking of eight criteria for life cycle sustainability assessment
of electrochemical energy storage. It can be seen that energy efficiency (C7) is the most im-
portant criterion based on the preferences of the invited five experts, followed by self-
discharge rate (C8), CO2 intensity (C5), electric power system reserve capacity reduction
(C4), capital intensity (C1), social acceptance (C3), cycle life (C6), and the operation cost
(C2) is the least desirable criteria. Meanwhile, the degree of certainty about the relation of
eight criteria can also be evident from Fig. 14.3. For example, the energy efficiency (C7) is cer-
tainly more important than operation cost (C2), but it is more desirable than self-discharge
rate (C8) with the confidence of 0.71.

14.4.2 Life cycle sustainability ranking for electrochemical energy storage
technologies

Five experts gave their linguistic ratings judgments for the performance of soft criteria
“social acceptance (C3)” of lead-acid battery, Li-ion battery, Nas battery, and NiMH battery,
which are listed in Table 14.5.

According to Table 14.5 and the values of all the criteria expect C3 represented by TFN
with the consideration of uncertainties based on the references (Zhao et al., 2018; Zhao
et al., 2019), the initial fuzzy decision matrix A can be obtained in the standardized value,
as follows.
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FIG. 14.2 The optimal weights values of eight criteria obtained from BBWM.
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A¼

C1 C2 C3 C4
0:90 0:95 1:00
0:35 0:40 0:45
0:55 0:60 0:65
0:15 0:20 0:25

0
BB@

1
CCA

0:90 0:95 1:00
0:32 0:40 0:48
0:52 0:60 0:68
0:12 0:20 0:28

0
BB@

1
CCA

0:3 0:5 0:7
0:42 0:62 0:82
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0
BB@
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0:22 0:27 0:32
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FIG. 14.3 The credal ranking of eight criteria for life cycle sustainability assessment of electrochemical energy
storage.

TABLE 14.5 Linguistic ratings for social acceptance criteria
performance of four energy storage batteries.

lead-acid battery Li-ion battery Nas battery NiMH battery

Expert 1 G G G L

Expert 2 G H G G

Expert 3 H H H G

Expert 4 G G L L

Expert 5 L G L L

30514.4 Empirical analysis



Among the eight criteria, four criteria C1, C2, C5, C8, are minimum-type and four criteria
C3, C4, C6, C7, are maximum-type. So, the normalized fuzzy decision matrix B can be calcu-
lated as:

B¼

C1 C2 C3 C4
0:15 0:16 0:17
0:33 0:38 0:43
0:23 0:25 0:27
0:60 0:75 1:00

0
BB@

1
CCA

0:12 0:13 0:13
0:25 0:30 0:38
0:18 0:20 0:23
0:43 0:60 1:00

0
BB@

1
CCA

0:37 0:61 0:85
0:51 0:76 1:00
0:29 0:54 0:78
0:15 0:39 0:63

0
BB@

1
CCA

0:22 0:27 0:32
0:90 0:95 1:00
0:42 0:48 0:53
0:00 0:05 0:10

0
BB@

1
CCA

C5 C6 C7 C8
0:10 0:20 1:00
0:01 0:01 0:01
0:03 0:03 0:03
0:20 0:50 1:00

0
BB@

1
CCA

0:06 0:10 0:13
0:88 0:95 1:00
0:15 0:20 0:25
0:00 0:06 0:13

0
BB@

1
CCA

0:30 0:40 0:50
0:90 0:95 1:00
0:75 0:80 0:85
0:00 0:05 0:10

0
BB@

1
CCA

0:03 0:03 0:03
0:02 0:02 0:02
0:02 0:02 0:02
0:17 0:33 1:00

0
BB@

1
CCA

2
66666666666664

3
77777777777775

Then, the fuzzy positive ideal solution and fuzzy negative ideal solution can be computed
according to Eq. (14.20), and the distances of each battery alternative from fuzzy positive ideal
solution and fuzzy negative ideal solution can be calculated according to Eqs. (14.22) and
(14.23), i.e.:

d+
1 ¼ 0:2006, d+

2 ¼ 0:1373, d+
3 ¼ 0:1712, d+

4 ¼ 0:2231
d�1 ¼ 0:1052, d�2 ¼ 0:2249, d�3 ¼ 0:1570, d�4 ¼ 0:1511

Finally, the closeness coefficient (CCi) of each battery alternative can be calculated
according to Eq. (14.24), namely:

CC1 ¼ d�1
d�1 + d+

1

¼ 0:3441,CC2 ¼ d�2
d�2 + d+

2

¼ 0:6209

CC3 ¼ d�3
d�3 + d+

3

¼ 0:4783,CC4 ¼ d�4
d�4 + d+

4

¼ 0:4039

So, CC2	CC3	CC4	CC1. It can be seen that the life cycle sustainability of Li-ion battery
outranks other three kinds of batteries, namely Nas battery, NiMH battery, and lead-acid bat-
tery, in descending order, related to life cycle sustainability ranking. Therefore, the prioriti-
zation of electrochemical energy storage from the perspective of life cycle sustainability is
Li-ion battery.

14.5 Conclusions

This chapter aims at developing a life cycle sustainability assessment framework for the
prioritization of electrochemical energy storage under uncertainties, and twoMCDMs includ-
ing Bayesian BWM as well as fuzzy TOPSIS, and life cycle sustainability assessment were
combined for ranking the sustainability performance of four kinds of energy storage batteries,
namely lead-acid battery, Li-ion battery, Nas battery, and NiMH battery. The LCC, LCA, and
SLCA were employed to obtain the values of criteria in economic, environmental, and social
pillars, respectively. Meanwhile, considering the novel nature and high technological re-
quirement of energy storage batteries, the technological criteria were also included in the

306 14. LCS prioritization of energy storage under uncertainties



criteria system for life cycle sustainability assessment of electrochemical energy storage. The
latest groupMCDM—Bayesian BestWorst method—was employed to determine theweights
of eight criteria in four aspects, which can consider the preferences of multiple decision-
makers or stakeholders and the degree of certainty about the relation of eight criteria judged
by decision-makers. The fuzzy TOPSIS method was used to rank the life cycle sustainability
performances of lead-acid battery, Li-ion battery, Nas battery, and NiMH battery, which can
take the uncertainties of criteria value into consideration.

The proposed framework for life cycle sustainability assessment for the prioritization of
electrochemical energy storage under uncertainties holds the following merits:

(1) Life cycle sustainability thinking has been considered in the prioritization of
electrochemical energy storage, in which the criteria system is built from the perspective
of sustainability and the criteria values are based on LCA, LCC, and SLCA.

(2) The Bayesian group BWM has been used to determine the criteria weights, which can
consider the preferences ofmultiple decision-makers in probabilistic modeling view other
than the aggregation of individual priorities or judgments and calculate the degree of
certainty about the relation of criteria.

(3) The fuzzy TOPSIS method has been used to rank the life cycle sustainability performance
of electrochemical energy storage technologies based on the decision-making matrix built
by TFN for tackling the uncertainty issue.

Although there are several merits in this chapter, there are still drawbacks. For example,
the sensitivity analysis should be performed to verify the ranking robustness of the proposed
method for life cycle sustainability assessment of electrochemical energy storage. Meanwhile,
otherMCDMmethods need to be comparedwith this proposed hybridmethod in this chapter
in terms of ranking result. These drawbacks will be tacked one by one in the following
research.
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prioritization for sustainability
enhancement: Promoting the
sustainable development of the

desalination industry
Jingzheng Ren

The Hong Kong Polytechnic University, Department of Industrial and Systems Engineering, Hong

Kong SAR, China

15.1 Introduction

Water, like energy, is a basic element for the life on the earth and a key driving force for the
development of themodern economy (Shatat et al., 2013).Many developing countries are cur-
rently facing serious water shortage crises with the rapid population growth and the indus-
trialization (Gude et al., 2010). Freshwater for drinking and irrigation has also become a
serious problem for some developed countries in North Africa, the Middle East, and South
Asia (Morillo et al., 2014). It was estimated that two thirds of the population in the world
would face insufficient water supply crisis by 2025 (UNEP, 2012). Seawater desalination pro-
cesses such as reverse osmosis (RO), multiple effect distillation (MED), and multistage flash
(MSF) have been recognized as promising ways for solving this problem by generating fresh-
water for drinking and irrigation from seawater (Mezher et al., 2011). However, the desalina-
tion industry in many countries, including China, still faces many severe barriers that hinder
the sustainable development.

H€opner andWindelberg (1997) pointed out that there are various potential environmental
impacts in desalination plants such as the impacts on land-use change, negative impacts on
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ecosystem, and the emissions to the atmosphere and the sea. The seawater desalination
technologies usually consume some fossil fuels, and this will lead to various negative envi-
ronmental impacts, it will also consume some water even if it is a renewable-energy-based
technique (Semiat, 2008). The expensiveness (i.e., high capital cost and high operations cost)
is the most severe barrier influencing the renewable-energy-based desalination techniques
such as solar powered water desalination technology (Fiorenza et al., 2003; Gude et al.,
2010). Moreover, there are also some challenges when adopting solar, wind, and some other
forms of renewable energy sources to ensure energy sustainability (Logan, 2017).

As for the sustainability issues of desalination, Balfaqih et al. (2017) developed indicators
and metrics for measuring the economic and environmental performance of the desalination
supply chain, and analytic hierarchy process method was employed to determine the
weight of each indicator/criterion based on their significance in the desalination supply
chain. Shahabi et al. (2015) employed life cycle assessment and levelized cost to evaluate
the environmental impacts and economic performance of water supply from decentralized
and centralized desalination systems. Besides the barriers in economic and environmental
aspects, there are also various barriers in technological and social-managerial aspects
(Lior, 2017). There are two knowledge gaps when determining the corresponding effective
for solving these barriers: one is that the stakeholders do not know the relative importance
of these barriers with respect to their influences on sustainable development of desalination
industry; the other is that the complex cause-effect relationships among these barriers are
unclear to the decision-makers. In order to solve the above-mentioned two problems, this
study aims to develop a novel analytic method for investigating the complex cause-effect
relationships among these barriers that hinder the sustainable development of the desalina-
tion industry, and the desalination industry in China was illustrated and studied by the
developed method.

Besides the introduction section, the residual parts of this study has been organized as
follows: Section 15.2 summarizes the barriers of sustainable desalination industry in China,
Section 15.3 presents the developed DEMATEL method, Section 15.4 presents the results and
discussions, Section 15.5 presents the policy implications, and finally, this study is concluded
in Section 15.6.

15.2 Barriers to sustainable desalination industry in China

A total of 12 key barriers that hinder the sustainable development of the desalination
industry in Chinawere identified, based on a comprehensive literature and focus groupmeet-
ing, and these barriers were categorized into four aspects including technological aspect,
economic aspect, environmental aspect, and economic aspect.

(1) Technological aspect: the barriers in the technological aspect consist of the lack of key
technologies, the localization degree of desalination facilities, high energy consumption,
and the lack of technical innovation. Therefore, the following two barriers were
identified in the technological aspect.
I. Lack of advanced technologies (T1): there is a big gap between the desalination

technologies in China and the world-class advanced desalination technologies, the
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localization degree of desalination facilities is not low, although the desalination
industry has already developed for more than 30years in China (Yang, 2014).

II. High energy consumption (T2): seawater desalination is an energy-intensive industry,
and the traditional desalination technologies usually require steady and reliable energy
sources, but the current renewable clean energy sources are usually intermittent and
unstable (Wang et al., 2014).

(2) Economic aspect: the barriers in the economic aspect mainly refer to high capital cost, high
production cost, and the lack of special research and development (R&D) funding for
seawater desalination.
I. High capital cost (EC1): seawater desalination is a capital-intensive industry. For

instance, the capital cost of reverse osmosis is 6000–8000 Yuanm�3. Taking the
15,000m3 day�1 seawater desalination project as an example, the capital costs of
multistage flash system, low temperature multieffect distillation, reverse osmosis, and
low temperature-vapor compression distillation are 1.70E+08, 1.50E+08, 0.90E+08,
and 1.60E+08 Yuan, respectively (Li, 2010).

II. High production cost (EC2): the high production cost is one of the most important
factors hindering the sustainable development of desalination technologies, because
the seawater desalination production cost consists of operations and management cost
and capital cost. For instance, the production costs of multistage flash system, low
temperature multieffect distillation, reverse osmosis, and low temperature-vapor
compression distillation are 5.105, 4.825, 4.272, and 5.025 Yuant�1, respectively
(Li, 2010). Therefore, thewater from seawater desalination is not competitive compared
with the municipal water.

III. Lack of special research and development (R&D) funding (EC3): the current R&D
investment on seawater desalination technologies is not enough; and it lack the public
platform for research, development, and innovation (Li et al., 2016).

(3) Environmental aspect: the negative environmental impact of seawater desalination
technologies is a barrier hindering sustainable development of the desalination
industry with the increase in awareness of the citizens in China on environment
protection.
I. Negative environmental impacts (EN1): the negative environmental impacts aremainly

caused by the effluent of the concentrated seawater to the sea, and many chemicals
are commonly used in seawater desalination processes that lead to serious problems
in marine ecology. In addition, the utilization of fossil fuels leads to the emissions
of SOx, NOx, and CO2, etc. (Li et al., 2016).

(4) Social-managerial aspect: the barriers in the social-managerial aspect include the lack
of awareness and perception, lack of supporting policies and regulation, and the unclear
responsibility in administration.
I. Lack of awareness and perceptions (SM1): seawater desalination has usually

been recognized as an advanced technology with high capital cost, the water
from desalination is still in “debate,” and the high energy consumption and the
potential negative environmental impacts in desalination technologies cause
these technologies to have very low social acceptability. Meanwhile, the role
of desalination in solving water supply security is not well recognized by
society (Li et al., 2016).
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II. Lack of supporting policies and regulation (SM2): there is a lack of incentive policies to
stimulate and support the development of the desalination industry in China,
especially financial support, including low-interest loans and subsidies. Meanwhile,
the regulation and standard system is incomplete, and China has not established a
standard system for the use of unconventional water resources. Meanwhile, the
standards for seawater desalination technologies have not been included in the current
standard system for water production, supply, use, and quality (Li et al., 2016).

III. Unclear responsibility in administration (SM3): the seawater desalination processes
usually involves multiple governmental sectors, i.e., Ministry of Water Resources of
the People’s Republic of China, National Bureau of Oceanography, and National
Development and Reform Commission, etc. However, the responsibilities and
administrations are unclear among these governmental sections. The coherence
and cohesion between different governmental sectors should be improved
(Li et al., 2016).

15.3 Methods

The basics of triangular fuzzy numbers are introduced in Section 15.3.1, then the developed
DEMATEL method is presented in Section 15.3.2.

15.3.1 Basics of triangular fuzzy numbers

Definition 15.1 Triangular fuzzy number (Cheng and Lin, 2002)
Assume that a

�¼ aL, aM, aU
� �

is a triangular fuzzy number, aL, aM, and aU which satisfy
aL�aM�aU, aL, aM, aU2R, are the three elements of the fuzzy number. The membership func-
tion of this fuzzy number μa� xð Þ: R! [0,1] is presented in Eq. (15.1).

μa� xð Þ¼

0 x< aL

x� aL

aM� aL
aL � x� aM

x� aU

aM� aU
aM � x� aU

0 x> aU

8>>>>><
>>>>>:

(15.1)

where aL, aM and aU are the three elements of the triangular fuzzy number ea.
The difference of the upper bound (aU) from the lower bound (aL) can be as a measure of the
fuzzy degree, and the greater the difference the bigger the fuzzy degree will be.

Definition 15.2 Graded mean integration representation value (Chen and Hsieh, 2000)
The graded mean integration representation value of the triangular fuzzy numberea¼ aL, aM, aU

� �
can be determined by Eq. (15.2).

R a
�� �

¼ aL + 6aM + aU

6
(15.2)

312 15. Barriers identification and prioritization

http://dict.cn/Ministry%20of%20Water%20Resources%20of%20the%20People%27s%20Republic%20of%20China
http://dict.cn/Ministry%20of%20Water%20Resources%20of%20the%20People%27s%20Republic%20of%20China


Definition 15.3 Arithmetic operations
The arithmetic operations including addition, subtraction, multiplication, and division
between two triangular fuzzy number are specified as follows (Zhao and Guo, 2014;
Chen and Ren, 2018; Liang et al., 2019):
Addition ea�eb¼ aL, aM, aR

� �� bL, bM, bR
� �¼ aL + bL, aM + bM, aR + bR

� �
(15.3)

Subtraction ea� eb¼ aL, aM, aR
� �� bL, bM, bR

� �¼ aL�bL, aM� bM, aR�bR
� �

(15.4)

Multiplication ea�eb¼ aL, aM, aR
� �� bL, bM, bR

� �¼ aLbL, aMbM, aRbR
� �

,aL � 0,bL � 0 (15.5)

λea¼ λ aL, aM, aU
� �¼ λaL, λaM, λaU

� �
,λ� 0 (15.6)

Division eaϕeb¼ aL, aM, aR
� �

ϕ bL, bM, bR
� �¼ aL

bR
,
aM

bM
,
aR

bL

� �
,aL � 0,bL > 0 (15.7)

λϕeb¼ λϕ bL, bM, bR
� �¼ λ

bR
,
λ

bM
,
λ

bL

� �
,λ� 0,bL > 0 (15.8)

15.3.2 The improved DEMATEL method

The traditional DEMATEL method usually employs five linguistic terms corresponding
to the five numbers (0, 1, 2, 3, and 4) to depict the direct influence between each pair of items.
However, the use of the discrete numbers to determine the relative influences usually has one
severe problem-difficulty in quantifying the relative direct influence: it is difficult to use these
five numbers to describe the relative direct influences accurately. For instance, the influence
of factor A on factor C is different from that of factor B on factor C; if the direct influence
of factor A on factor C can be described by using 1, then the direct influence of factor B on
factor C should be described by using 2.1, but it is impossible to achieve this when employing
the traditional DEMATELmethod. In order to address this, an improved DEMATELmethod
is developed in this study, and it consists of six steps:

Step 1: Establishing the initial influence matrix.
Step 2: Determining the normalized initial influence matrix.
Step 3: Calculating the total influence matrix.
Step 4: Determining the sum of each row and the sum of each column.
Step 5: Determining the weight of each influential factor.
Step 6: Drawing the IRM (influence relation map).

These six steps are specified as follows.

Step 1: Establishing the initial influence matrix X

Assume that there are N barriers influencing the sustainable development of the desalina-
tion industry in China, and they are B1, B2, ⋯, BN, the direct influence of the i-th barrier on
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the j-th barrier is represented by xij, then, the initial influence matrix X can be determined,
as presented in Eq. (15.9).

X¼

B1 B2 ⋯ BN

B1 x11 x12 ⋯ x1N
B2 x21 x22 ⋯ x2N
⋮ ⋮ ⋮ ⋱ ⋮
BN xN1 xN2 ⋮ xNN

(15.9)

where X represents the initial influence matrix, Bj(j¼1,2,⋯,N) represents the j-th
barrier influencing the sustainable development of the desalination industry in China, and
xij(i¼1,2,⋯,N; j¼1,2,⋯,N) represents the direct influence of the i-th barrier on the j-th barrier.

It is worth pointing out that xij equals 0 when the i-th barrier does not have direct influence
on the j-th barrier.Meanwhile, all the elements in the principal diagonal of the initial influence
matrix all equal zero.

The elements in the i-th row represent the direct influences of the i-th barrier on all the other
barriers, and the elements in the j-th column represent the direct influences of all the barriers on
the j-th barrier. In order to solve the above-mentioned problem existing in the traditional
DEMATEL, the fuzzy best-worst (BW) method was employed to determine the elements of
each column in the direct influence matrix. The elements in the j-th column representing the
relative influences of the N criterion on the j-th barrier are determined by using the
fuzzy best-worst method developed by Guo and Zhao (2017) based on the works of Rezaei
(2015, 2016). The fuzzy best-worst method for determining the elements of each column
of the initial influence matrix presented in Eq.1consists of five steps (Guo and Zhao, 2017):

Substep 1:Determining the factor which has the most influence on the j-th factor as well as
the criterion which has the least influence on the j-th factor.

Note that sometimes only some of the N factors influence the j-th factor, and the users can
firstly distinguish the factors that have influences on the j-th factor as well as the factors
that do not have any influence on the j-th factor. It is worth pointing out that xkj¼0 if the
k-th criterion does not have any influence on the j-th criterion. Suppose that there are a total
of T factors (T�N) influencing the j-th factor, and rearrange these T factors as C1, C2, ⋯, CT,
the users can then determine the factor that has the most influence (best) on the j-th factor
as well as the criterion that has the least influence (worst) on the j-th factor, denoted by
CM and CL, respectively.

Substep 2: Determining the BO and OW vectors.

The users can determine the best-to-others (BO) vector by comparing the relative prefer-
ences of CM with all the T factors with respect to their influences on the j-th factor by using
the following five linguistic phrases, and they are (Kilincci and Onal, 2011):

“Equal importance (EI)”: (1,1,1);
“Weak importance (WI)”: (2/3,1,3/2);
“Fair importance (FI)”: (3/2, 2, 5/2);
“Strong importance (SI)”: (5/2, 3, 7/2); and
“Absolute importance (AI)”: (7/2, 4, 9/2).
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In a similar way, the others-to-worst (BO) vector can also be determined by comparing the
relative preferences of all the T criteria with CL regarding their influences on the j-th factor by
using the above-mentioned five linguistic phrases. The linguistic terms in BO andOWvectors
can be transformed into triangular fuzzy numbers, denoted by eVBO and eVOW , respectively. It
is apparent that eaBk ¼¼ 1, 1, 1ð Þ when k¼M, and eakW ¼ 1, 1, 1ð Þ when k¼L.

eVBO ¼ eaB1 eaB2 ⋯ eaBT½ � (15.10)

eVOW ¼ ea1W ea2W ⋯ eaTW½ � (15.11)

where eaBk k¼ 1, 2,⋯, Tð Þ and eakW k¼ 1, 2,⋯, Tð Þ, which are fuzzy numbers, represent the rel-
ative preference of CM comparing with the k-th criterion and that of the k-th criterion compar-
ing with CL regarding their influences on the j-th criterion.

Substep 3: Determining the fuzzy optimum weights of the T elements eω j
1 eω j

2 ⋯ eω j
T

h i
.

The weights of these T factors, which represent the relative influences of these T criteria on
the j-th criterion, can be determined by solving programming (15.12).

minξ∗

s:t:

ω
j,L
B

ω
j,U
k

� a
j,L
Bk

�����
������ ξ∗

ω
j,M
B

ω
j,M
k

� a
j,M
Bk

�����
������ ξ∗

ω
j,U
B

ω
j,L
k

� a
j,U
Bk

�����
������ ξ∗

ωj,L
k

ω
j,U
W

� a
j,L
kW

�����
������ ξ∗

ω
j,M
k

ω
j,M
W

� a
j,M
kW

�����
������ ξ∗

ω
j,U
k

ωj,L
W

� a
j,U
kW

�����
������ ξ∗

Xn
k¼1

R eωj
k

� �
¼
Xn
k¼1

ω
j,L
j +4ω

j,M
j +ω

j,U
j

6
¼ 1

eωj
k ¼ ωj,L

k ,ωj,M
k ,ωj,U

k

� �
ωj,L
k �ωj,M

k �ωj,U
k

ω
j,L
k � 0

k¼ 1,2,⋯ ,T

(15.12)
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where eωj
B ¼ ω

j,L
B , ω

j,M
B ,ω

j,U
B

� �
represents the fuzzy weight (relative influences) of the most in-

fluential factor on the j-th factor, eωj
k ¼ ω

j,L
k ,ω

j,M
k ,ω

j,U
k

� �
represents the fuzzy weight (relative

influences) of the k-th factor on the j-th factor, eωj
W ¼ ωj,L

W , ωj,M
W ,ωj,U

W

� �
represents the weight

(relative influences) of the least influential (worst) factor on the j-th factor,

ea jBk ¼ a
j,L
Bk , a

j,M
Bk , a

j,U
Bk

� �
represents the relative preference of the most influential factor

comparing with the k-th factor regarding their relative influences on the j-th factor, and ea jkW ¼
a
j,L
kW , a

j,M
kW , a

j,U
kW

� �
represents the relative preference of the k-th factor comparing with the least

influential factor regarding their relative influences on the j-th factor.
After solving the programming (15.12), the fuzzy weights (relative influences) of the T

elements can be determined.

Substep 4: Defuzzying the fuzzy weights into crisp weights.

The fuzzy weights of these T elements eωj
1 eωj

2 ⋯ eωj
T

h i
, which represent the relative influ-

ences of these factors on the j-th factor, can be transformed into crisp numbers

ω
j
1 ω

j
2 ⋯ ω

j
T

h i
by Eq.(15.13).

ω
j
k ¼

ω
j,L
k +4ω

j,M
k +ω

j,U
k

6
(15.13)

where ωk
j represents the defuzzied weight of the k-th factor with respect to its influence on the

j-th factor.

Substep 5: Consistency check.

In this step, a consistency check will be carried out to measure the overall consistency
of the BO and OW vectors. The consistency ratio (CR) can be calculated by Eq. (15.14).
The consistency index (CI) can be determined according to the value of eaBW (see Table 15.1).

CR¼ ξ∗

CI
(15.14)

where CR represents the consistency ratio, and CI represents the consistency index.
The smaller the value of CR, the more consistent the BO and OW vectors are. The judg-

ments can be recognized as consistent when CR�0.10， otherwise the users can revise the
BO or the OW vector to make it acceptable.

After these, the elements of the j-th column in the initial influence matrix can be deter-
mined. In a similar way, all the elements in the initial influence matrix can be determined.

TABLE 15.1 CI with respect to eaBW used in the fuzzy best-worst method.

eaBW (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (5/2,3,7/2) (7/2,4,9/2)

CI 3.00 3.80 5.29 6.69 8.04

From Guo, S., Zhao, H., 2017. Fuzzy best-worst multi-criteria decision-making method and its applications. Knowl.-Based Syst. 121, 23–31.
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Step 2: Determining the normalized initial influence matrix A.

The normalized initial influence matrix A can be determined by normalizing the initial in-
fluence matrix by Eqs. (15.15), (15.16).

aij ¼
xij

max max
1�i�N

XN
j¼1

aij, max
1�j�N

XN
i¼1

aij

2
4

3
5

i¼ 1, 2,⋯,N; j¼ 1, 2,⋯,Nð Þ (15.15)

A¼

B1 B2 ⋯ BN

B1 a11 a12 ⋯ a1N
B2 a21 a22 ⋯ a2N
⋮ ⋮ ⋮ ⋱ ⋮
BN aN1 aN2 ⋮ aNN

(15.16)

where A represents the normalized initial influence matrix, aij(i¼1,2,⋯,N; j¼1,2,⋯,N),
which is the element of the cell (i, j) in the normalized initial influence matrix, A represents
the normalized influence of the i-th factor on the j-th factor.

Step 3: Calculating the total influence matrix T

Thee total influence matrix T can be determined by Eq. (15.17).

T¼ tij
	 


N	N
¼
X∞
n¼1

An ¼A I�Að Þ�1 (15.17)

where T represents the total influence matrix, I is the identity matrix, and tij represents the
element of cell (i, j) in the total influence matrix.

Step 4: Determining the sum of each row and the sum of each column

The sum of the i-th row and the sum of the j-th column can be determined by Eqs. (15.18),
(15.19), respectively.

Ri ¼
XN
j¼1

tij (15.18)

Cj ¼
XN
i¼1

tij (15.19)

where Ri represents the sum of the i-th row in the total influence matrix, and Cj represents the
sum of the j-th column in the total influence matrix.

Ri, as the sum of the i-th row, represents the total direct and indirect effects of the i-th factor
on the other factors, and Cj, as the sum of the j-th column, shows the total direct and indirect
effects of all the influential factors on the j-th factor. When i¼ j, Ri+Cj represents the total ef-
fects exerted and received by the i-th factor, and it can be used as an index to show the relative
importance of the i-th factor in the system. Ri�Cj shows the new difference that contributed
by the i-th factor to the system and it is the difference of the influences of the i-th factor exerted
on the other factors from that received by the i-th factor from the other factors. If Ri�Cj is
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greater than zero, then the i-th factor can be recognized as a causal factor, and if it is less than
zero, then, it can be recognized as an effect factor.

Step 5: Determining the weight of each influential factor

The weight of the i-th factor can be determined by Eqs. (15.20), (15.21).

ω0
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri +Cj

� �2
+ Ri�Cj

� �2q
(15.20)

ωi ¼ ω0
iXN

i¼1

ω0
i

(15.21)

where ωi represents the relative weight of the i-th factor.

Step 6: Drawing the IRM (influence relation map)

The IRM is drawn according to ωi, which represents the relative importance of the i-th fac-
tor and Ri�Cj, which shows the category (causal factor or effect factor) of the i-th factor.

15.4 Results and discussion

In order to determine the initial influence matrix, the interdependence relation matrix was
firstly determined by using “O” and “X”:

(1) “O” was used to describe the influence of the i-th factor on the j-th factor if the i-th factor
does not exert the j-th factor;

(2) “X” was used to describe the influence of the i-th factor on the j-th factor if the i-th factor
exerts the j-th factor.

For instance, there are three influential factors including lack of advanced technologies
(T1), lack of special research and development (R&D) funding (EC3), lack of
awareness and perceptions (SM1), and lack of supporting policies and regulations (SM2),
having influences on high energy consumption (T2), thus, “X” was put in the corresponding
cells of the second column, as presented in Table (15.2). After these, the fuzzy best-worst
method was employed to determine the relative influences of the barriers on each barrier
(Step 1).

Step 1: Establishing the initial influence matrix X.
A total of nine experts on seawater desalination was invited to participate in a focus group

meeting; three of them are full professors whose research mainly focuses on sustainable de-
salination technologies, three of them are senior researchers with PhD degrees who have
worked on developing desalination processes for more than 10years, and three of them
are senior engineers who have worked in the national seawater desalination factories for
more than 10years. Taking the elements in the second column (the relative influences of
T1, EC2, SM1 and SM2 on T2) as an example:

Substep 1: Determine the most influential factor and the least influential factor.
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The lack of advanced technologies (T1) and the lack of awareness and perceptions (SM1)
were recognized as the most influential and the least influential, respectively.

Substep 2: Determining the BO and OW vectors.

For instance, these nine experts held the view that the relative influence of T1 on T2, com-
pared with that of EC3 on T2, should be “fair importance (FI),” thus, “FI” was used to describe
the preference of T1 over EC3. In a similar way, all the elements in the BO and OWvectors can
be determined by using linguistic terms, and the BO and OW vectors by using linguistic
terms, as presented in Table (15.3).

The linguistic terms in Table 15.3 can be transformed into fuzzy numbers, and the BO and
OW vectors by using the triangular fuzzy numbers are presented in Table 15.4.

TABLE 15.3 The BO and OW vectors by using the linguistic terms for
determining the relative influences of T1, EC2, SM1, and SM2 on T2.

The most influential: T1 The least influential: SM1

T1 EC3 SM1 SM2

BO EI FI AI SI

OW AI SI EI FI

TABLE 15.2 The interdependence relation matrix.

T1 T2 EC1 EC2 EC3 EN1 SM1 SM2 SM3

T1 O X X X O X O O O

T2 O O O X O X O O O

EC1 O O O O O O O O O

EC2 O O O O O O O O O

EC3 X X X O O O O O O

EN1 O O O O O O O O O

SM1 X X O O X X O X O

SM2 X X X O X O X O O

SM3 O O X X X X X X O

TABLE 15.4 The BO and OW vectors by using the linguistic terms for
determining the relative influences of T1, EC2, SM1 and SM2 on T2.

The most influential: T1 The least influential: SM1

T1 EC3 SM1 SM2

BO (1,1,1) (3/2, 2, 5/2) (7/2, 4, 9/2) (5/2, 3, 7/2)

OW (7/2, 4, 9/2) (5/2, 3, 7/2) (1,1,1) (3/2, 2, 5/2)
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Substep 3: Determining the fuzzy optimum weights.

The fuzzy optimum weights (relative influences) of the four influential factors including
T1, EC2, SM1, and SM2 on T2 are determined by solving the following programming (15.22).

minξ∗

s:t:
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�����
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(15.22)

The results are presented in Table 15.5. The optimum value of ξ∗ is 0.4074.

Substep 4: Defuzzying the fuzzy weights into crisp weights.

The defuzzied weights (the relative influences) of these four influential factors can be de-
termined as presented in Eqs. (15.23)–(15.26).

ωT2

T1
¼ 0:4385 + 4	0:4385 + 0:4914

6
¼ 0:4473 (15.23)

TABLE 15.5 The relative influences of T1, EC2, SM1, and SM2 on T2.

ωk
T2, L ωk

T2, M ωk
T2, U

k¼T1 0.4385 0.4385 0.4914

k¼EC3 0.2348 0.2753 0.3101

k¼SM1 0.1001 0.1053 0.1122

k¼SM2 0.1511 0.1689 0.2096
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ωT2

EC3
¼ 0:2348 + 4	0:2753 + 0:3101

6
¼ 0:2744 (15.24)

ωT2

SM1
¼ 0:1001 + 4	0:1053 + 0:1122

6
¼ 0:1056 (15.25)

ωT2

SM2
¼ 0:1511 + 4	0:1689 + 0:2096

6
¼ 0:1727 (15.26)

Substep 5: Consistency check.

The consistency ratio can be determined by Eq. (15.27).

CR¼ ξ∗

CI
¼ 0:4074

8:04
¼ 0:0507 (15.27)

It is apparent that CR is less than 0.10; thus, the consistency of these judgments is accept-
able, and the judgments of the experts for determining the weights (relative influences) of
these four influential factors are effective.

In a similar way, the relative influences of the influential factors on each factor can be de-
termined, and the results are presented in the Appendix. The initial influential matrix can
then be determined, as presented in Table 15.6.

Step 2: Determining the normalized initial influence matrix.

The normalized initial influence matrix can be determined, and the results were presented
in Table 15.7.

Step 3: Calculating the total influence matrix T.

Thee total influence matrix T can be determined, and the results are the same as with the
normalized initial matrix.

TABLE 15.6 The initial influence matrix.

T1 T2 EC1 EC2 EC3 EN1 SM1 SM2 SM3

T1 0 0.4473 0.4489 0.5304 0 0.2927 0 0 0

T2 0 0 0 0.3021 0 0.4546 0 0 0

EC1 0 0 0 0 0 0 0 0 0

EC2 0 0 0 0 0 0 0 0 0

EC3 0.5554 0.2744 0.1486 0 0 0 0 0 0

EN1 0 0 0 0 0 0 0 0 0

SM1 0.1425 0.1056 0 0 0.1412 0.1430 0 0.5015 0

SM2 0.3021 0.1727 0.2900 0 0.4306 0 0.7496 0 0

SM3 0 0 0.1125 0.1675 0.4283 0.1097 0.2503 0.4985 0
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Step 4: Determining the sum of each row and the sum of each column.

The results were the total effects (Ri+Cj) exerted and received by each factor and the new
difference (Ri�Cj) that contributed by each factor to the system can also be determined; they
are presented in Table 15.8.

Step 5: Determining the weight of each influential factor.

The weight of each influential factor can be determined (also see Table 15.8).

Step 6: Drawing the IRM (influence relation map).

The influence relation map is presented in Fig. 15.1. It is apparent that there are five causal
barriers, and they are: lack of advanced technologies (T1), lack of special research and devel-
opment (R&D) funding (EC3), lack of awareness and perceptions (SM1), lack of supporting
policies and regulations (SM2), and the unclear responsibility in administration (SM3). The
other four barriers, including high energy consumption (T2), high capital cost (EC1), high
production cost (EC2), and negative environmental impacts (EN1) are effect barriers.

TABLE 15.7 The normalized initial influence matrix.

T1 T2 EC1 EC2 EC3 EN1 SM1 SM2 SM3

T1 0 0.2300 0.2308 0.2727 0 0.1505 0 0 0

T2 0 0 0 0.1553 0 0.2337 0 0 0

EC1 0 0 0 0 0 0 0 0 0

EC2 0 0 0 0 0 0 0 0 0

EC3 0.2856 0.1411 0.0764 0 0 0 0 0 0

EN1 0 0 0 0 0 0 0 0 0

SM1 0.0733 0.0543 0 0 0.0726 0.0735 0 0.2578 0

SM2 0.1553 0.0888 0.1491 0 0.2214 0 0.3854 0 0

SM3 0 0 0.0578 0.0861 0.2202 0.0564 0.1287 0.2563 0

TABLE 15.8 The total influence matrix.

T1 T2 EC1 EC2 EC3 EN1 SM1 SM2 SM3

Ri 0.9734 0.3891 0 0 0.8359 0 1.1526 1.8150 1.6031

Ci 0.8922 0.9291 0.8829 0.9018 0.7306 0.9237 0.7908 0.7180 0

Ri+Ci 1.8657 1.3181 0.8829 0.9018 0.7306 0.9237 0.7908 0.7180 1.6031

Ri �Ci 0.0812 �0.5400 �0.8829 �0.9017 0.1053 �0.9237 0.3618 1.0970 1.6031

ωi 0.1190 0.0907 0.0796 0.0812 0.1000 0.0832 0.1259 0.1759 0.1444
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Among these causal barriers, the threshold value was set as 0.10 to identify the most im-
portant barriers, the weights of T1, SM1, SM2, and SM3 are greater than 0.10. Meanwhile, all
four barriers are the most important causes, and they are the essence of low sustainable
development of desalination industry in China. Based on these, four policy implications
for mitigating these causal barriers are proposed in Section 15.5.

15.5 Policy implications

As T1, SM1, SM2, and SM3 were identified as the four most important causes, the following
four policy implications are presented:

(1) Improving the technological level of desalination technologies in China: the lack of
advanced desalination technologies can lead to high energy consumption, high capital
cost, high operations costs, and more negative environmental impacts. In order to reduce
energy consumption, capital, cost and operations cost, and mitigate the negative
environmental impacts, developing more advanced desalination technologies is
prerequisite. There are several ways:
(i) one of the most important ways for developing more advanced desalination

technologies is to establish some special grants/funds for the research, development,
and demonstration (R,D&D) of sustainable desalination projects;
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(ii) the introduction of foreign investment and the collaboration with some foreign
companies with advanced desalination technologies; and

(iii) establish a professional talent team for China’s desalination industry.
(2) Enhancing the awareness and perceptions of the stakeholders of seawater desalination:

the awareness and perceptions of the stakeholders of seawater desalination for mitigating
water supply crises and solving environmental problems should be enhanced. The low
awareness and perceptions lead to the lack of advanced technologies, high energy
consumption, the lack of funds for R&D on desalination technologies, the negative
environmental impacts, and the lack of governmental supporting policies and
regulations. The most important ways are education, popular science, and publicity for
making more citizens in China.

(3) Setting more governmental industry-supporting policies and regulations: the
administration in China should set more industry-supporting policies and regulations for
China’s desalination industry. The lack of governmental supporting policies leads to the
lack of advanced desalination technologies, high energy consumption, high capital cost,
lack of R&D funds for desalination technologies, and low social acceptability of
desalination technologies for water supply. There are three suggestions for supporting
China’s desalination industry:
(i) set low or even zero interest loans for China’s desalination companies;
(ii) set special subsidies for China’s desalination companies; and
(iii) set priority strategy for desalted water supply in the coastal cities of China.

(4) Establishing a special governmental sector responsible for desalination: the
responsibilities of different governmental sectors for desalination industry are unclear.
The unclear responsibility between different governmental sectors can lead to high capital
cost, high operations cost, lack of R&D funds, negative environmental impacts, low social
acceptability, and lack of governmental support.

15.6 Conclusions

This study aims to develop a generic method for identifying the barriers influencing the
sustainable development of the desalination industry in China and investigating the
interdependent cause-effect relationships among these barriers. A total of nine key barriers
in four categories were identified. Subsequently, an improved DEMATEL method was
developed to investigate the cause-effect relationships among the barriers. Different from
the traditional DEMATEL method, the developed DEMATEL method can assure the
accurate determination of the relative influences of the influential factors on each factor.
After determining the cause-effect relationships among these barriers, some policy impli-
cations were provided for promoting the sustainable development of the desalination
industry in China.
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Appendix: The relative influences of the influential factors on each factor

TABLE 15.A2 The relative influences of the influential factors on EC1.

The most influential: T1 The least influential: SM3

EC1 T1 EC3 SM2 SM3

BO (1,1,1) (5/2, 3, 7/2) (3/2, 2, 5/2) (7/2, 4, 9/2)

OW (7/2, 4, 9/2) (2/3, 1, 3/2) (5/2, 3, 7/2) (1,1,1)

Weights 0.4489 0.1486 0.2900 0.1125

ξ∗¼0.4273, CR¼ ξ∗
CI¼ 0:4273

8:04 ¼ 0:0531< 0:10

TABLE 15.A3 The relative influences of the influential factors on EC2.

The most influential: T1 The least influential: SM3

EC2 T1 T2 SM3

BO (1,1,1) (3/2, 2, 5/2) (5/2, 3, 7/2)

OW (5/2, 3, 7/2) (3/2, 2, 5/2) (1,1,1)

Weights 0.5304 0.3021 0.1675

ξ∗¼0.2087, CR¼ ξ∗
CI¼ 0:2087

6:69 ¼ 0:0312< 0:10

TABLE 15.A4 The relative influences of the influential factors on EC3.

The most influential: SM2 The least influential: SM1

EC3 SM1 SM2 SM3

BO (5/2, 3, 7/2) (1,1,1) (2/3, 1, 3/2)

OW (5/2, 3, 7/2) (3/2, 2, 5/2) (1,1,1)

Weights 0.1412 0.4306 0.4283

ξ∗¼0.0505, CR¼ ξ∗
CI¼ 0:2087

6:69 ¼ 0:0075< 0:10

TABLE 15.A1 The relative influences of the influential factors on T1.

The most influential: EC3 The least influential: SM1

T1 EC3 SM1 SM2

BO (1,1,1) (7/2, 4, 9/2) (3/2, 2, 5/2)

OW (7/2, 4, 9/2) (1,1,1) (2/3, 1, 3/2)

Weights 0.5554 0.1425 0.3021

ξ∗¼0.5000, CR¼ ξ∗
CI¼ 0:5000

8:04 ¼ 0:0622< 0:10
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Integrated data envelopment analysis,
weighting method and life cycle

thinking: A quantitative framework for
life cycle sustainability improvement

Jingzheng Ren
The Hong Kong Polytechnic University, Department of Industrial and Systems Engineering,

Hong Kong SAR, China

16.1 Introduction

Industrial processes usually consume various energy sources and natural resources,
and lead to various solidwastes, liquidwastes, and emissions. Accordingly, the sustainability
of industrial processes attracts more andmore attention nowadays. Sustainability can usually
be defined as the management of resources (including natural, social, financial, and techno-
logical) to assure that the resources can satisfy the present human needs andwill not influence
the needs of future generation (Valenti et al., 2018). Threemain pillars of sustainability includ-
ing economic, environmental, and social (the so-called “triple bottom line”) aspects are usu-
ally considered for sustainability assessment (Lim and Biswas, 2018; Hammer and
Pivo, 2017).

Life cycle tools including life cycle assessment (LCA), life cycle costing (LCC), and social
life cycle assessment (SLCA) were developed to investigate the performance of different pro-
cesses or products with respect to the three pillars of sustainability. Heijungs et al. (2010) de-
veloped life cycle sustainability assessment (LCSA) by combining LCA, LCC, and SLCA to
investigate the three pillars of sustainability from a life cycle perspective. After LCSA of pro-
cesses or products, the economic performance, environmental impacts, and social influences
of different processes or products can be obtained; but the users can only compare two alter-
native processes or products with respect to one evaluation criterion, and they may face a
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situation that one process performs betters than another with respect to one evaluation cri-
terion, but it may performance worse with respect to another evaluation criterion. Therefore,
it is difficult for the stakeholders to know whether or not these processes or products are
sustainable, and they also don’t know the ways for improving the sustainability of the
nonsustainable alternatives. In addition, it is difficult for the decision-makers to get the data
of the alternative processes or products with respect to some soft criteria (i.e., social accept-
ability, working environment, and influences on health, etc.), because these data sometime
cannot be quantified. All in all, there are two problems should be addressed:

(1) LCSA can investigate the environmental, economic, and social performance of different
processes or products, but the stakeholders do not know whether or not they are
sustainable and the ways to improve the sustainability of the nonsustainable processes or
products;

(2) It lacks themethods for quantifying the relative performances of the processes or products
with respect to the soft criteria.

In order to solve the above two problems, a methodological framework was developed by
combining life cycle sustainability assessment method, the intuitionistic fuzzy AHP, and
data envelopment analysis (DEA) for judging whether or not these alternatives are sustain-
able and providing the methods for improving the sustainability of the nonsustainable
alternatives. DEA is a linear programming method, which can be used to assess the compar-
ative efficiency of different decision-making units (DMUs) with multiple inputs and outputs
(Banker et al., 1984). In this study, LCSA and the intuitionistic fuzzy AHP method were
combined to obtained the data with respect to the inputs and outputs. LCSA was employed
to collect the data for the hard evaluation criteria that can be quantified by LCA, LCC, and
SLCA. The intuitionistic fuzzy AHP as a weighting method is used for determining the data
of the alternatives with respect to the soft criteria. After obtaining all the data of all the alter-
natives with respect to all the evaluation criteria, the benefit-type criteria and the cost-type
criteria are used as the outputs and inputs in the DEA model, respectively.

16.2 Methods

An integrated data envelopment, weighting method, and life cycle thinking methodolog-
ical framework is developed in this study to measure the sustainability efficiency of different
energy and industrial systems, and these systems are recognized as the decision-making
units (DMUs). The outputs and the inputs are determined based on life cycle thinking
with the tools such as life cycle assessment, life cycle costing, and social life cycle assessment.
As for the data with respect to the soft criteria, which cannot be obtained directly
by using these life cycle tools, they are determined by using the weighting method, and
the intuitionistic fuzzy AHP is employed to determine the relative performances of the
alternatives with respect to the soft criteria. After determining the data of all the inputs
and the outputs, the data envelopment analysis (DEA) method is employed to measure
the sustainability efficiency of different energy and industrial systems. The DEA-efficient
and the non-DEA-efficient scenarios can be identified, and the countermeasures for
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improving the non-DEA-efficient scenarios can also be obtained according to the
results of DEA. The holistic framework of the method used in this study is presented in
Fig. 16.1.

16.2.1 Intuitionistic fuzzy AHP

Definition 16.1 Intuitionistic fuzzy set (Atanassov, 1986; Wang et al., 2011). Let X be an
ordinary finite nonempty set, and an intuitionistic fuzzy set A in X can be expressed as:

A¼ A, μA xð Þ, υA xð Þð Þj x2Xf g (16.1)

where:

μA(x) :X! [0,1] and υA(x) :X! [0,1] with condition;
0�μA(x)+υA(x)�1 for all x.in X; and

Life cycle sustainability efficiency measurement

Life cycle sustainability assessment

LCA LCC SLCA

The data of the alternative energy and industrial systems with respect to the hard criteria

The intuitionistic fuzzy AHP for determining the relative performances of the alternative energy and 
industrial systems with respect to the soft criteria

Data envelopment analysis for judging whether or not the DMUs are DEA-efficient and proposing the 
countermeasures for improving the non-DEA-efficient scenario

FIG. 16.1 The holistic framework of the method for life cycle sustainability efficiency measurement.
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μA(x) :X! [0,1] and υA(x) :X! [0,1] represent the degree of membership and the degree of
nonmembership of the element x in the set A, respectively.

πA(x)¼1�μA(x)�υA(x), x2X represents the hesitancy or nondeterminacy degree of the users
of the element x to A, the so-called “the indeterminacy degree” or “intuitionistic index”
(Wang et al., 2011). It can be determined by Eq. (16.2).

πA xð Þ¼ 1�μA xð Þ�υA xð Þ,x2X (16.2)

where πA(x) represents the indeterminacy degree of x to A.
The ordered triple elements αA(x)¼ (μα(x),υα(x),πα(x)) is a typical intuitionistic fuzzy number
with the condition that μα(x), υα(x)2 [0 1] and μα(x)+υα(x)�1 (Xu, 2007). The αA(x)¼ (μα(x),
υα(x),πα(x)) can usually be abbreviated as αA(x)¼ (μα(x),υα(x)).

Definition 16.2 Arithmetic operations (Xu, 2007). Let A¼ (μA,υA) and B¼ (μB,υB) be two
intuitionistic fuzzy numbers:
Addition:

A�B¼ μA, υAð Þ� μB, υBð Þ¼ μA + μB�μAμB, υAυBð Þ (16.3)

Multiplication:

A�B¼ μA, υAð Þ� μB, υBð Þ¼ μAμB, υA + υB�υAυBð Þ (16.4)

Definition 16.3 Intuitionistic fuzzy comparison matrix (Wang et al., 2011). Assume that there
are a total of n items (I1 I2 ⋯ In ), the intuitionistic fuzzy numbers are usually to compare
each pair of items in the intuitionistic fuzzy comparison matrix (as presented in Eq. 16.5).

I1 I2 ⋯ In
I1 μ11, υ11ð Þ μ12, υ12ð Þ ⋯ μ1n, υ1nð Þ
I2 μ21, υ21ð Þ μ22, υ22ð Þ ⋯ μ2n, υ2nð Þ
⋮ ⋮ ⋮ ⋱ ⋮
In μn1, υn1ð Þ μn2, υn2ð Þ ⋯ μnn, υnnð Þ

(16.5)

where (μij,υij) represents the relative preference of the i-th item over the j-th item.
For instance, (μij,υij)¼ (0.6, 0.2) presents the relative preference of the i-th item over the
j-th item, 0.6 represents the certainty degree of the i-th item be superior to the j-th
item, and 0.2 represents the certainty degree of the j-th item be superior to the i-th item.
Accordingly, the indeterminacy degree 1�0.6�0.2¼0.2 represents the uncertainty degree
of the i-th item be preferred than the j-th item. The nine-scale system can be employed to
determine the elements in the intuitionistic fuzzy comparison matrix (as presented in
Table 16.1).
The elements in the diagonal of the intuitionistic fuzzy comparison matrix representing the
relative preference of one item over itself equals (05, 0.5) based on the nine-scale system
presented in the work of Xu and Liao (2014).

Definition 16.4 Normalized intuitionistic fuzzy vector (Qian and Feng, 2008).
The intuitionistic fuzzy vector:

X¼ x1 x2 ⋯ xnð Þ ¼ μ1 υ1 π1ð Þ μ2 υ2 π2ð Þ ⋯ μn υn πnð Þð Þ (16.6)

332 16. Life cycle sustainability improvement



The intuitionistic fuzzy vector is normalized if it can satisfy:Xn
i¼1

μi + πj � 1

Xn
i¼1

υi + πj � n�1

8>>><
>>>:

j¼ 1,2,⋯,n (16.7)

The intuitionistic fuzzy AHP developed by Wang et al. (2011) consists of three steps that
are employed to determine the data of the alternative industrial systems with respect the soft
criteria (i.e., social acceptability, technology maturity, and technology innovation, etc.)
the data with respect to which cannot be quantified directly. It consists of the following three
steps based on the work of Wang et al. (2011):

Step 1: Establishing the intuitionistic fuzzy comparison matrix. The users can use the nine-
scale system (presented in Table 16.1) to determine the intuitionistic fuzzy comparison
matrix, as presented in Eq. (16.5).
Step 2: Consistency check (Wang et al., 2011). The intuitionistic fuzzy comparison matrix
can be recognized as consistent if and only if it can satisfy the following:

max
k

μik + ukj�1
� ���max

k
υik + υkj�1
� �

for all i, j¼ 1,2,⋯,n (16.8)

If the intuitionistic fuzzy comparison matrix is consistent, the users can execute Step 3,
or the users need to modify the comparison matrix until it is consistent.

Step 3: Determining the programming model to calculate the weights of these n items
( I1 I2 ⋯ In ) based on the work of Wang et al. (2011).

TABLE 16.1 The nine-scale system for determining the intuitionistic fuzzy
comparison matrix.

Scales Meanings

0.1 Extremely not preferred

0.2 Very strongly not preferred

0.3 Strongly not preferred

0.4 Moderately not preferred

0.5 Equally preferred

0.6 Moderately preferred

0.7 Strongly preferred

0.8 Very strongly preferred

0.9 Extremely preferred

Other values between
0 and 1

Intermediate judgments between each pair of the above-
mentioned adjacent judgments

Source: Xu, Z., Liao, H., 2014. Intuitionistic fuzzy analytic hierarchy process. IEEE Trans. Fuzzy Syst.

22(4), 749–761.
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The intuitionistic fuzzy comparison matrix (see Eq. 16.5) can be divided into two nonneg-
ative matrices, and they are presented in Eqs. (16.9), (16.10), respectively.

UM ¼

I1 I2 ⋯ In
I1 μ11 μ12 ⋯ μ1n
I2 μ21 μ22 ⋯ μ2n
⋮ ⋮ ⋮ ⋱ ⋮
In μn1 μn2 ⋯ μnn

(16.9)

VM ¼

I1 I2 ⋯ In
I1 υ11 υ12 ⋯ υ1n
I2 υ21 υ22 ⋯ υ2n
⋮ ⋮ ⋮ ⋱ ⋮
In υn1 υn2 ⋯ υnn

(16.10)

The normalized principle eigenvector of UM and VM can be determined, as presented
in Eqs. (16.11), (16.12), respectively.

û¼ û1 û2 ⋯ ûnð Þ (16.11)

The normalized principle eigenvector means that it can satisfy the following condition:

Xn
i¼

ûi ¼ 1 (16.12)

where û represents the normalized principle eigenvector of UM, and ûi i¼ 1, 2,⋯, nð Þ
represents i-th element in û.

υ̂¼ υ̂1 υ̂2 ⋯ υ̂nð Þ (16.13)

where υ̂ represents the normalized principle eigenvector of VM, and υ̂i i¼ 1, 2,⋯, nð Þ
represents i-th element in υ̂.

Similarly, the normalized principle eigenvector of VM also satisfy the following condition:

Xn
i¼

υ̂i ¼ 1 (16.14)

The programming model is presented in (Eq. 16.15) to calculate the k and l for determin-
ing the weights of the n items.

Min k+ δ
s:t:
k 1� ûið Þ+ lυ̂i � 1 i¼ 1,2,⋯,n
l 1� υ̂ið Þ+ kûi � 1 i¼ 1,2,⋯,n
lυ̂i� kûi�δ� 0 i¼ 1,2,⋯,n
k,δ� 0

(16.15)

Then, the intuitionistic fuzzy weight of the i-th item can be determined by Eq. (16.16).

ω̂i ¼ ω̂u
i ω̂υ

ið Þ¼ kû1 1� lυ̂ið Þ (16.16)

where ω̂i which is an intuitionistic fuzzy number represents the relative weight of the i-th
item. ω̂u

i and ω̂υ
i represent the uncertainty membership and the uncertainty membership in ω̂i.
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Step 4: The normalized crisp weight of each item. The crisp weight of the i-th item can be
determined by Eq. (16.17) by modifying the geometric method presented in the work of
Abdullah et al. (2013).

ωi ¼
ffiffiffiffiffiffi
ω̂u
i

ω̂υ
i

s
(16.17)

where ωi represents the crisp weight of the i-th item.
Then, the normalized crisp weight of the i-th item can be determined by Eq. (16.18).

ωi ¼ ωiXn
i¼1

ωi

(16.18)

where ωi represents the normalized crisp weight of the i-th item.

16.2.2 Data envelopment analysis

Assuming that there are a total of m DMUs (i¼1, 2, ⋯, m), and each DMU consists of
p inputs and q outputs, as the following defined (Ren et al., 2013):

• i¼1, 2, ⋯, m: the i-th DMU;
• j¼1, 2, ⋯, p: the j-th input;
• t¼1, 2, ⋯, p: the t-th output;
• xij i¼ 1, 2,⋯,m; j¼ 1, 2,⋯, pð Þ : the data of the i-th DMU with respect to the j-th input;
• yit i¼ 1, 2,⋯,m; t¼ 1, 2,⋯, qð Þ : the data of the i-th DMU with respect to the j-th input;
• μj j¼ 1, 2,⋯, pð Þ : the weight of the j-th input; and
• υt t¼ 1, 2,⋯, qð Þ : the weight of the t-th output.

Accordingly, all the energy and industrial systems can be recognized as the decision-
making units (DMUs), as presented in Fig. 16.2.

The inputs could be all the cost-type criteria, such as global warming potential, acidification
potential, life cycle cost, and capital costs, etc. The outputs can be all the benefit-type criteria,
such as added jobs, social acceptability, energy efficiency, and exergy efficiency, etc. The effi-
ciency of each DMU can be calculated by determining the ratio of the sum of the weighted out-
puts to the sum of the weighted inputs (Cooper et al., 2000), as presented in Eq. (16.19).

ei ¼

Xq
t¼1

υtyit

Xp
j¼1

ujxij

(16.19)

where ei represents the efficiency of the i-th DMU.
There are various ways for determining the relative weights of the inputs and outputs

based on the preferences and the opinions of the decision-makers/stakeholders, such as an-
alytic hierarchy process (AHP) (Saaty, 2004) and best-worst method (BWM) (Rezaei, 2015);
both of the twoweightingmethods are subjective approaches. Different from these weighting
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methods, the DEA model intends to maximize the efficiency of the target DMU under
the constraints that the efficiencies of all the other DMUs are less than 100%. The maximum
efficiency of the target DMU i0 can be determined by solving programming (16.20) according
to the work of Charnes et al. (1978):

maxei0 ¼

Xq
t¼1

υtyi0
t

Xp
j¼1

ujxi0
j

Xq
t¼1

υtyit

Xp
j¼1

ujxij

� 1 t¼ 1, 2,⋯,mð Þ

uj � ε j¼ 1,2,⋯,p

υt � ε t¼ 1,2,⋯,q

(16.20)

where ε is a non-Archimedean factor.
The constraints in programming (see Eq. 16.20) represents that the upper bound of the ef-

ficiency of each DMU cannot exceed 100%. Programming (16.20) can be rewritten into thema-
trix format (Ye et al., 2006; Ren et al., 2013), as presented in Eq. (16.21):

maxei0 ¼
υTYi0

uTXi0

υTYi

uTXi
� 1 i¼ 1, 2,⋯,mð Þ

u� ε
υ� ε
u¼ u1, u2,⋯, up

� �T
υ¼ υ1, υ2,⋯, υq

� �T
Xi0 ¼ x

i0
1, xi0

2,⋯, x
i0
p

� �T

Yi0 ¼ y
i0
1, yi0

2,⋯, y
i0
q

� �T

Xi ¼ x
i1, xi2,⋯, x

ip

� �T
Yi ¼ y

i1, yi2,⋯, y
iq

� �T

(16.21)

FIG. 16.2 The conceptual struc-
ture of the decision-making unit.
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Based on programming (16.21), the corresponding equivalent linear programming can be
obtained based on the Charnes-Cooper transformation (Charnes et al., 2013), as presented in
Eq. (16.22).

maxυTYi0

uTXi0 ¼ 1

υTYi�uTXi � 1 i¼ 1, 2,⋯,mð Þ
u� ε j¼ 1,2,⋯,p

υ� ε t¼ 1,2,⋯,q

u¼ u1, u2,⋯, up
� �T

υ¼ υ1, υ2,⋯, υq
� �T

Xi0 ¼ x
i0
1, xi0

2,⋯, x
i0
p

� �T

Yi0 ¼ y
i0
1, yi0

2,⋯, y
i0
q

� �T

Xi ¼ x
i1, xi2,⋯, x

ip

� �T
Yi ¼ y

i1, yi2,⋯, y
iq

� �T

(16.22)

Then, the linear programming problem presented in Eq. (16.22) can be further transformed
into (Ye et al., 2006; Charnes et al., 2013):

max uT , υT
� � 0

Yi0

� �
υTYi�uTXi � 0 i¼ 1, 2,⋯,mð Þ
u� ε,υ� ε

(16.23)

The CCR model can be determined according to the duality theory in the linear program-
ming, as presented in programming (16.24):

min ∂� ε
Xp
j¼1

s+j +
Xq
t¼1

s�t

0
@

1
A

Xm
i¼1

xijΛi + s�j ¼ ∂xi0j

Xm
i¼1

yitΛi� s+t ¼ yi0t

Λi � 0 i¼ 1, 2,⋯,mð Þ
s�j � 0 j¼ 1, 2,⋯, pð Þ
s+t � 0 t¼ 1, 2,⋯, qð Þ

(16.24)

where ε represents a non-Archimedean infinitesimal.

Definition 16.5 The DMU can be identified as weak DEA effective if the optimum objective
∂¼1, and vice versa (Charnes et al., 1978).

Definition 16.6 If the optimum objective ∂¼1 and the solutions satisfy s�j ¼ 0 j¼ 1, 2,⋯, pð Þ ,
s+t ¼ 0 t¼ 1, 2,⋯, qð Þ , then, the DMU can be recognized as DEA effective, and vice versa
(Charnes et al., 1978).
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Most of the inputs and outputs of the DMUs can be determined by LCA, LCC, or SLCA.
However, the inputs with respect to some qualitative criteria can be determined by using the
best-worst method, which is introduced in the following section.

As for the non-DEA-efficient DMUs, the projection of the inputs and outputs of each
DMU can be determined by Eqs. (16.25), (16.26), respectively, to make it DEA-efficient
(Ye et al., 2006).

x
_

ij ¼ ∂ixij� s�ij (16.25)

y
_

it ¼ yit + s+it (16.26)

where ∂i represents the optimum DEA-efficiency of the i-th DMU, and x
_
ij and y

_

it are the
improved data of the j-th input and the t-th output in the i-th DMU, respectively.

16.3 Case study

In order to illustrate the developed method for life cycle sustainability efficiency measure-
ment and improvement of energy and industrial systems, four hydrogen production systems
have been studied by the proposedmethod; they are coal gasification (CG), stream reforming
of methane (SMR), biomass gasification (BG), and photovoltaic electrolysis (PVEL). There are
three input indicators and the output indicators are presented as follows:

Input indicators
(1) Production cost (IP1): the production cost for producing 1kg hydrogen;
(2) Global warming potential (IP2): the global warming potential in the whole life cycle of

hydrogen; and
(3) Acidification potential (IP3): the acidification potential in the whole life cycle of hydrogen.

Output indicators
(1) Hydrogen (OP1): 1kg hydrogen as the product in each of the DMUs;
(2) Energy efficiency (OP2): the ratio of the total energy output to the energy input; and
(3) Social acceptability (OP3): this criterion is tomeasure the acceptance by people of different

hydrogen production systems, and it can reflect the impacts of the hypothesized
hydrogen project on the society herein (Ren et al., 2016).

These hydrogen production systems can be expressed in the format of DMUs,
as presented in Fig. 16.3.
The data with respect to the hard indicators in both the inputs and the outputs (e.g., hy-

drogen production cost, global warming potential, acidification potential, and energy
efficiency) can be obtained through life cycle tools, and these were derived from the previ-
ously published work of Pilavachi et al. (2009), Acar and Dincer (2014), and Ozbilen et al.
(2011). As for the data with respect to the soft criterion, namely social acceptability,
this can be determined by the intuitionistic fuzzy AHP method.
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16.4 Results and discussion

The intuitionistic fuzzy comparison matrix for determining the relative performances of
these four hydrogen production systems with respect to social acceptability was determined,
as presented in Table 16.2.

The intuitionistic fuzzy comparison matrix can be divided into two matrices according to
Eqs. (16.9), (16.10), as presented in Eqs. (16.27), (16.28), respectively.

UM ¼

CG SMR BG PVEL
CG 0:5 0:2 0:1 0:1
SMR 0:6 0:5 0:2 0:1
BG 0:8 0:7 0:5 0:2

PVEL 0:9 0:8 0:6 0:5

(16.27)

VM ¼

CG SMR BG PVEL
CG 0:5 0:6 0:8 0:9
SMR 0:2 0:5 0:7 0:8
BG 0:1 0:2 0:5 0:6

PVEL 0:1 0:1 0:2 0:5

(16.28)

The normalized eigenvector vector can be determined, as presented in Eqs. (16.29), (16.30).

û¼ û1 û2 û2 û4ð Þ¼ 0:1087 0:1709 0:2978 0:4227ð Þ (16.29)

υ̂¼ υ̂1 υ̂2 υ̂3 υ̂4ð Þ¼ 0:4227 0:2978 0:1709 0:1087ð Þ (16.30)

Then, the following programming model can be determined, as presented in Eq. (16.31).

Min k+ δ
s:t:
k 1� ûið Þ+ lυ̂i � 1 i¼ 1,2,⋯,4
l 1� υ̂ið Þ+ kûi � 1 i¼ 1,2,⋯,4
lυ̂i� kûi�δ� 0 i¼ 1,2,⋯,4
û¼ û1 û2 û2 û4ð Þ¼ 0:1087 0:1709 0:2978 0:4227ð Þ
υ̂¼ υ̂1 υ̂2 υ̂3 υ̂4ð Þ¼ 0:4227 0:2978 0:1709 0:1087ð Þ
k,δ� 0

(16.31)

 Hydrogen production system
as DMU 

Hydrogen production cost

Global warming potential

Acidification potential

Energy efficiency

Social acceptability

Hydrogen 

FIG. 16.3 The conceptual structure of the decision-making unit.
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The optimum values of k and l can be determined, and they are 0.33 and 1.67, respectively.
Then, the relative performances of these four hydrogen production systems can be deter-
mined, as presented in Table 16.3. Then, all the data with respect to the input indicators
and the output indicators can be determined, as presented in Table 16.4.

TABLE 16.2 The intuitionistic fuzzy comparison matrix for determining the
relative performances of these four hydrogen production systems with respect to
social acceptability.

CG SMR BG PVEL

CG (0.5 0.5) (0.2 0.6) (0.1 0.8) (0.1 0.9)

SMR (0.6 0.2) (0.5 0.5) (0.2 0.7) (0.1 0.8)

BG (0.8 0.1) (0.7 0.2) (0.5 0.5) (0.2 0.6)

PVEL (0.9 0.1) (0.8 0.1) (0.6 0.2) (0.5 0.5)

TABLE 16.3 The data of the four hydrogen production systems with respect to
social acceptability.

CG SMR BG PVEL

Intuitionistic fuzzy
number

(0.0359
0.2941)

(0.0564
0.5027)

(0.0983
0.7146)

(0.1395
0.8185)

Crisp weights 0.3492 0.3350 0.3708 0.4128

Normalized crisp
weights

0.2379 0.2282 0.2526 0.2812

TABLE 16.4 The data of the four hydrogen production systems with respect to the inputs and the
outputs indicators in the.

CG SMR BG PVEL

Production cost US$ day�1 kg�1 22.37 32.75 23.78 17.36

Inputs Global warming potential gCO2 eq. kg
�1 17,000 12,000 2992 2000

Acidification potential gSO2 eq. kg
�1 30.69 14.516 29.03 8.07

Hydrogen product kg 1 1 1 1

Outputs Energy efficiency / 0.35 0.375 0.65 0.05

Social acceptability / 0.2379 0.2282 0.2526 0.2812

The data used in this study were derived from Pilavachi, P.A., Chatzipanagi, A.I., Spyropoulou, A.I., 2009. Evaluation of

hydrogen production methods using the analytic hierarchy process. Int. J. Hydrog. Energy 34(13): 5294–5303; Acar, C.,
Dincer, I., 2014. Comparative assessment of hydrogen production methods from renewable and non-renewable sources. Int. J.

Hydrog. Energy 39(1): 1–12; Ozbilen, A., Dincer, I., Rosen, M.A., 2011. A comparative life cycle analysis of hydrogen

production via thermochemical water splitting using a Cu–Cl cycle. Int. J. Hydrog. Energy 36(17): 11321–11327.
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After obtaining the data of these four alternative hydrogen production systems with re-
spect to both the input and the output indicators, the DEA efficiency of each DMU (hydrogen
production system) can be determined. Taking DMU1 (coal gasification) as an example, the
following programming model can be established for determining the DEA-efficiency of this
DMU:

min ∂� ε
X3
j¼1

s+j +
X3
t¼1

s�t

0
@

1
A

22:37Λ1 + 32:75Λ2 + 23:78Λ3 + 17:36Λ4 + s�1 ¼ 22:37∂
17000Λ1 + 12000Λ2 + 2992Λ3 + 2000Λ4 + s�2 ¼ 17000∂
30:69Λ1 + 14:516Λ2 + 29:03Λ3 + 8:07Λ4 + s�2 ¼ 30:69∂
Λ1 +Λ2 +Λ3 +Λ4� s+1 ¼ 1
0:35Λ1 + 0:375Λ2 + 0:65Λ3 + 0:05Λ4� s+2 ¼ 0:35
0:2379Λ1 + 0:2282Λ2 + 0:2526Λ3 + 0:2812Λ4� s�3 ¼ 0:2379
Λ1 � 0 i¼ 1, 2, 3, 4ð Þ
s�j � 0 j¼ 1, 2, 3ð Þ
s+t � 0 t¼ 1, 2, 3ð Þ

(16.32)

After solving programming (16.32), the results can be obtained, as presented in Table 16.5.
In a similar way, the results with respect to the other three hydrogen production systems can
also be determined (see Table 16.5).

According to Definitions 16.5 and 16.6, the hydrogen production systems including SMR,
BG, and PVEL can be recognized as DEA-efficient, but CG for hydrogen production is non-
DEA-efficient.

As for the data with respect to the first input (production cost), the projected value is:

0:9195�22:37�0¼ 20:5692 (16.33)

As for the data with respect to the second input (global warming potential), the projected
value is:

0:9195�17000�13136:19¼ 2495:3 (16.34)

As for the data with respect to the third input (acidification potential), the projected
value is:

0:9195�30:69�9:6705¼ 18:5490 (16.35)

TABLE 16.5 The results of programming (16.32).

∂ s1
2 s2

2 s3
2 s1

+ s2
+ s3

+

CG 0.9195 0 13136.10 9.6705 0 0 0.0290

SMR 1.0000 0 0 0 0 0 0

BG 1.0000 0 0 0 0 0 0

PVEL 1.0000 0 0 0 0 0 0
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As for the first and the second output (hydrogen product and energy efficiency), they do
not need to be improved according to the obtained results in this case. As for the third output
(social acceptability), the project value is:

0:2379 + 0:0290¼ 0:2669 (16.36)

The original values and the projected of CG with respect to the input indicators and the
output indicators are summarized in Table 16.6.

In order to improve the CG for hydrogen production and make it DEA-efficient, the
production cost of hydrogen should be decreased from 22.37 to 20.5692 US$ day�1kg�1.
In addition, the global warming potential (17,000g CO2 eq. kg

�1) and acidification potential
(30.69g SO2 eq. kg

�1) should be decreased to 2495.3g CO2 eq. kg
�1 and 18.5490g SO2 eq. kg

�1,
respectively. Moreover, the social acceptability of coal gasification should also be improved
through various clean coal utilization technologies in hydrogen production.

16.5 Conclusion

Sustainability of energy and industry draws more and more attention with the increase
of the environmental consciousness and social influences. This study aims to develop a
methodological framework for life cycle sustainability improvement of energy and indus-
trial systems by combining DEA, the intuitionistic fuzzy AHP and life cycle thinking. Life
cycle tools including LCA, LCC, and SLCA were suggested to determine the data of the
energy and industrial systems with respect to the hard criteria for sustainability assess-
ment, and the intuitionistic fuzzy AHP method was suggested to determine the data with
respect to the soft criteria for sustainability assessment. DEA was employed to determine
the DEA-efficiency of each DMU (energy and industrial system). The criteria were divided
into two types when using DEA: one is the input indicator, and another is the output in-
dicator. DEA can not only be used for judging whether or not the energy and industrial
system is consistent, but also for proposing the corresponding countermeasures for im-
proving the sustainability of energy and industrial systems to make the non-DEA-efficient
DMUs efficient.

Four typical hydrogen production systems including coal gasification, stream reforming of
methane, biomass gasification, and photovoltaic electrolysis were studied by the developed
methodological framework. Coal gasification was recognized as non-DEA-efficient, and the
methods for improving the sustainability of hydrogen production system based on coal

TABLE 16.6 the improved methods for the non-DEA-efficient hydrogen production system.

IP1 IP2 IP3 OP1 OP2 OP3

Unit US$ day�1 kg�1 gCO2 eq. kg
�1 gSO2 eq. kg

�1 kg / /

Original 22.37 17,000 30.69 1 0.35 0.2379

Projected 20.5692 2495.3 18.5490 1 0.35 0.2669
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gasification were also obtained according to the obtained results. All in all, the developed
method has the following two significant advantages:

(1) The data of the alternative energy and industrial systems with respect to the soft criteria
for sustainability assessment can be quantified;

(2) The measures for improving the sustainability of the non-DEA-efficient energy and
industrial systems can be obtained.
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