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To my friend, Arthur Yip.



“The essential step is to recognise that nobody, least of all the chief designer, has,
at the start, the knowledge to say how the design will turn out, or even what the
problem really is — how it will seem when, eventually, everyone’s intuitions
become informed by the experience of having designed it. At the start one’s
intuition is likely to be wrong, informed by what IS, but not by what is to be
conjured into existence.”

John Chris Jones
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Abstract

Technical systems are critical drivers of economic consumption and production,
and are generally accepted to be dependent on natural systems and processes
throughout their life cycle. Accordingly, their sustainability is under increasing
scrutiny. However, the basic constitution of sustainability of technical systems is
unclear, and views on how sustainability can be assessed and improved are
inconsistent. To address these issues, the research reported in this thesis
developed two generic models of technical system sustainability: the
Sustainability Cycle (S-Cycle), and the Sustainability Loop (S-Loop).

The general elements and relationships involved in sustainability were identified
through an inductive literature investigation spanning nine sectors. Sustainability
was found to constitute an ability, which is in turn an emergent property of a
system and manifested to humans as behaviour that maintains something.
Activities were identified as the means by which materials and energy are
transformed in a system. From a sustainability perspective, the behaviour of
system activities was observed to involve the production of intended output,
waste, and intended resources from inputs of renewable and non-renewable
resources. This behaviour is formalised in the S-Cycle model. Humans seeking
improved sustainability were found to interpret the behaviour of system activities
to produce knowledge, and take action on the basis of this knowledge to produce
effects that alter activity behaviour. This process is formalised in the S-Loop
model, which positions the S-Cycle model within the context of human knowledge
and interpretations.

The validity, utility, and applicability of the S-Cycle model were evaluated through:
two independent worked examples; three independent industrial case studies; two
expert appraisal workshops with 27 practicing engineering designers; and an
analytical study of 324 sustainability performance indicators (SPIs). Through
these methods, the model was applied to ten distinct technical systems and expert
opinions were elicited. All model elements and relationships were supported. One
additional element/relationship was identified, leading to a refined model. The
model was found to be artefact independent, supporting the identification of SPIs
for different technical systems, and providing a consistent view on the behaviour
of different sub-systems at various levels within a technical system. The S-Loop
model received a degree of support through peer review and publication in the
Journal of Environmental Management.

Lastly, the research and findings were critiqued, leading to the identification of
advantages, disadvantages, and recommendations, and areas for future research.
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Chapter 1 Introduction

1 Introduction

It is generally accepted that much of human activity within the Earth system is
dependent upon the Earth’s natural resource base (UNEP, 2012). The increasing
scale of this activity has led to the emergence of sustainability as a significant area
of research, driven by a growing consensus that societal consumption and
production may be compromising the natural systems and processes that support
it (Rockstrom et al., 2009; Chapman, 2011; UNEP, 2012). From an anthropocentric
perspective, sustainability broadly refers to the ability of human activity to
continue within the Earth system (Kajikawa et al., 2007; Voinov, 2007). The
concept has been applied to a diverse range of activities and systems in different
sectors, including: agricultural activities and farming systems (Tilman et al., 2002;
Darnhofer et al,, 2010); the harvest of biological entities such as fish and trees
(Hahn and Knoke, 2010; Standal and Utne, 2011); business processes and
organisations (Dyllick and Hockerts, 2002; Hahn and Figge, 2011); cities, regions,
and nations (Campbell and Garmestani, 2012; Mori and Christodoulou, 2012;
Eurostat, 2013); and the overarching process of socio-economic development
(WCED, 1987; UNDP, 2011).

A key concept in sustainability research is that of natural capital (Costanza and
Daly, 1992; Ekins, 2011). Natural capital refers to the natural systems and
processes “from which the human economy takes its materials and energy
(sources) and to which we throw those materials and energy when we are done
with them (sinks)” (Meadows, 1998, p.x). Flows of materials and energy from
natural capital stocks are transformed into goods and services by manufactured
capital. According to Meadows (1998, p.43), examples of manufactured capital
include “tools, machines, factories, smelters, electric generators, pumps, [and]
trucks.” In other words, what Hubka and Eder (1988) term technical systems:
artificial systems designed and built by humans to meet the needs of society.
Ubiquitous in different sectors, technical systems are critical drivers of economic
consumption and production across society. However, there has been a growing
realisation that throughout their life cycle, these systems may have a significant
impact upon the natural systems and processes that support them (Stasinopoulos
etal., 2009). Consequently, organisations are under increasing consumer and
regulatory pressure to improve the sustainability of their technical systems and
products (Park et al., 2005; Chapman, 2011).

In sustainability research, the technical system life cycle is typically considered to
include the extraction/processing of raw materials, manufacturing, system
operation, and disposal/recycling (Stasinopoulos et al., 2009; Ulgiati et al., 2011).
Manufacturing may be considered to cover system design and development, as
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well as physical construction and distribution (Stasinopoulos et al., 2009).
Engineering design has been positioned as a crucial activity with respect to
achieving improvements in technical system sustainability (Park et al., 2005;
Stasinopoulos et al., 2009; Spangenberg et al., 2010). For instance, Unger et al.
(2008, p.14) remark that “[it] is assumed that about 80% of all environmental
effects associated with a product are determined in the design phase of
development.” Accordingly, considerable research has been conducted on
sustainability in an engineering design context. Significant effort has been spent
on the development of new methods and tools, or the reorientation of existing
ones, to support a range of design activities from a sustainability perspective
(Collado-Ruiz and Ostad-Ahmad-Ghorabi, 2010). A plethora of design methods,
tools, and metrics are now presented as conducive to sustainable engineering
design, demonstrated by reviews of the literature presented by e.g. Bovea and
Pérez-Belis (2012), Gagnon et al. (2012), and Pigosso et al. (2014). Overarching
design methodologies and the structure of the design process per se have also been
investigated from a sustainability perspective (e.g. Park et al., 2005; Waage, 2007;
Gagnon etal., 2012).

Widespread investigation of sustainability by researchers working independently
in different areas has resulted in a plethora of different sustainability definitions
and interpretations, as well as multifarious objectives, goals, and indicators
intended to facilitate the improvement and management of sustainability in
practice (Kajikawa, 2008; Waage, 2007; Lindsey, 2011). From this perspective,
improving the sustainability of human activities and systems has been framed as a
“wicked problem”! by authors (Wahl and Baxter, 2008; Metcalf and Widener,
2011). It has been suggested that “the transition towards a sustainable human
presence in the world is the wicked problem for design in the twenty-first century”
(Wahl and Baxter, 2008, p.75). Buchanan (1992, p.16) highlights that for “every
wicked problem there is always more than one possible explanation, with
explanations depending on the Weltanschauung [worldview] of the designer.”
Worldviews may differ greatly between people, depending on aspects such as their
personal background, culture, values, and expertise (Wiersum, 1995; Lele and
Norgaard, 1996; Meadows, 1998). Differences in worldviews mean that people
may have different interpretations of sustainability, which can make it difficult to
work collectively towards sustainability goals (Meadows, 1998; Kajikawa, 2008).

1 Wicked problems are defined by Churchman (1967, p.141) as “a class of social system problems which are ill-
formulated, where the information is confusing, where there are many clients and decision makers with
conflicting values, and where the ramifications of the whole system are thoroughly confusing.”
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For example, the engineering design process? is typically undertaken by a design
team consisting of several designers (Pugh, 1991; Ulrich and Eppinger, 2008).
Each designer may have different views of sustainability and its implications for
the structure and behaviour of the technical artefact. Similarly, a manufacturing
organisation typically has numerous stakeholders e.g. employees/managers,
shareholders, customers, and suppliers. All of these groups and individuals may
have different views regarding the sustainability of a manufacturing system, and
how it can be assessed/improved.

To effectively manage and improve technical system sustainability, a common
basis for interpreting and discussing the system is needed (Lindsey, 2011). This
can aid in reconciling potentially conflicting or misaligned perceptions of
sustainability held by different decision makers (Meadows, 1998). As shown
above, considerable research has been conducted on technical system
sustainability in an engineering design context. However, this has largely focused
on the design process and methods/tools to support sustainable engineering
design. Research focusing specifically on the sustainability of the design artefact,
i.e. the technical system, is limited. In the literature, authors refer to complex
sustainable systems and sustainability in engineered systems (Alfaris et al., 2010),
sustainable design concepts (Chiu and Chu, 2012), sustainable design solutions
(Charter and Tischner, 2001), and sustainable products (Mayyas et al., 2012a, b),
without providing any clear exposition regarding their nature and constitution.
Azkarate et al. (2011, p.165) conclude that “it is not clear in an operational way
what sustainability means applied to different industries and products.” A generic
formalism describing the basic constitution of sustainability of technical systems
could provide insights in this respect, as well as a common basis among decision
makers attempting to manage and improve technical system sustainability.

1.1 Scope of the work

The research presented in this thesis focused on the sustainability of technical
systems. Two generic models, describing the fundamental elements and
relationships involved in sustainability in this context, are presented: the
Sustainability Cycle (S-Cycle), and the Sustainability Loop (S-Loop). The models
were developed through inductive literature research, and evaluated using several
research methods to study their application to different technical systems (the

2 The term “design” may be used to refer to both the design artefact, i.e. what is being designed, and the design
process, i.e. the series of activities carried out by designers to design the artefact. In this thesis, “design” is used
to refer to the design process, whilst the design artefact may be referred to as a technical artefact, a technical
product, or a technical system.
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research approach is elaborated in Chapter 2). The scope of the work is outlined
below.

1.1.1 Technical system activities

Hubka and Eder (1988, p.28) describe society as a socio-technical transformation
system. That is, a system comprised of both social and technical components,
where inputs are transformed to outputs via activities. The system has
relationships with ecosystems in terms of inputs of resources from natural stocks,
and outputs of waste to natural sinks. Additionally, the environment within which
a particular activity immediately operates exerts effects on the transformation (e.g.
meteorological and geological effects). The key system components are considered
to be “individual human beings, groups of humans recognized by common
occupation or purpose, and artifacts and organizations within and around which
these humans act.” Relationships in the system include “culture, economics and
financing, politics, etc.” As such, any sub-transformation system within society
may include “manufacturers, suppliers, distributors, planners, foremen, users,
reporters for communications media, spectators, innocent victims, etc., as well as
those systems that are primarily technical, such as cars, machine tools, printing
presses, distribution equipment, etc.”

The scope of the research reported in this thesis focused on the sustainability of
technical systems. That is, sustainability of the technical aspects of socio-technical
transformation systems. As discussed previously, sustainability research is
fundamentally concerned with society’s dependence on the Earth’s natural capital
stocks, and the transformation of materials and energy from these stocks into
goods and services for the economy. In the context of a socio-technical
transformation system, these physical transformations are primarily achieved
through activities carried out by technical systems (Blanchard and Fabrycky, 1981;
Hubka and Eder, 1988; Stasinopoulos et al., 2009). Basic physical transformations
are necessary for other transformations driving societal progress, e.g. the
transformation of goods and services into higher ends such as living standards,
wealth, wellbeing, and happiness through socio-economic and human
development activities (Daly, 1992; Meadows, 1998; UNDP, 2011; UNEP, 2012).
The sustainability of these kinds of transformations and activities did not form the
focus of the modelling work reported herein. Nonetheless, to develop generic
models, definitions and interpretations of sustainability in nine sectors were
initially considered, namely: agriculture; business; design; economics; fisheries;
forestry; socio-economic development; sustainability science; and urban studies.
These sectors were selected for consideration on the basis of a citation analysis
and an integrative review conducted by Kajikawa et al. (2007) and Kajikawa
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(2008), respectively, in which they were identified as significant contributors to
sustainability science and the general body of knowledge on sustainability in the
Earth system.

As stated above, technical system activities transform materials and energy. In
addition, they also transform information (Blanchard and Fabrycky, 1981; Hubka
and Eder, 1988). Hubka and Eder (1988, p.30) state that typically, materials,
energy, and information “occur in combination, and it is almost impossible to
separate them, but one or other may be regarded as the principal operand [entity
being transformed], and the others can usually be neglected.” As discussed above,
from a sustainability perspective, it is the transformation of materials and energy
from resource stocks that is of fundamental concern. Thus, the scope of the
research focused primarily on the material and energetic aspects of technical
system behaviour. As elaborated in Chapter 3, considerable research has been
conducted on the sustainability of socio-economic development in the Earth
system, with technical systems constituting key drivers of the development
process. Research in this area focuses primarily upon a triad of environmental,
economic, and social objectives known as the three pillars (Dalal-Clayton and Bass,
2002; Kemp and Martens, 2007). Given the focus on materials and energy as
stated above, the scope of the work covers the environmental pillar. That is,
economic and social aspects of technical system behaviour are not considered.

1.1.2 Sustainability performance

Human beings, supported by information and management systems, direct the
behaviour of technical systems towards desired outcomes through processes of
“goal-setting and goal-realizing” (Hubka and Eder, 1988, p.28). In a sustainability
context, the activity of sustainability performance evaluation provides a means for
humans to interpret and reflect upon a technical system’s behaviour from a
sustainability perspective (Ulgiati et al., 2011). Owing to the scope of the work as
discussed above, material and energetic aspects of technical system sustainability
performance were considered during the research. Sustainability performance
indicators (SPIs) applied to a range of technical systems by authors were analysed,
and the behaviour and sustainability performance of technical systems in industry
was modelled and assessed.

As discussed in the introduction to this chapter, technical systems are ubiquitous
throughout society. Examples include:
e agricultural systems, e.g. tractors and combines (Hubka and Eder, 1988);
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e energy conversion systems, e.g. wind turbines (Uddin and Kumar, 2014),
heat pumps (Balta et al,, 2010), and combined heat and power plants
(Buonocore et al., 2012);

o fuel production systems, e.g. biorefineries (Ofori-Boateng and Lee, 2014)
and oil refineries (Waheed et al., 2014);

e heating and cooling systems, e.g. air conditioning systems (Abdel-Salam and
Simonson, 2014), boilers, and solar heaters (Balta et al., 2010);

e medical devices, e.g. X-ray apparatus and prostheses (Hubka and Eder,
1988); and

e transportation systems, e.g. railways, ships (Hubka and Eder, 1988), and
aircraft (Aydin et al,, 2013).

Owing to the time and resource constraints of PhD research, industrial work on
technical system behaviour and sustainability performance focused on systems in
two sectors: the energy sector, including a wind turbine and a transformer; and
the marine (defence) sector, including various sub-systems of a warship. Both of
these sectors are generally viewed as having significant challenges in terms of
material and energetic sustainability performance. For example, the issue of fossil
fuel dependence and associated CO2 emissions in the energy sector receives
considerable attention in the literature (Evans et al., 2009). In the marine sector,
legislation prohibiting the discharge of certain types of waste (e.g. waste water,
residues from cargo, and cleaning chemicals) by ships at sea has recently come into
force in response to ecological concerns (Holan Fenwick Willan, 2013). As such,
these sectors were considered to provide an appropriate context for the research.

1.1.3 Technical system life cycle

Finally, as stated previously, the system life cycle is typically considered to include
the extraction/processing of raw materials, manufacturing, system operation, and
disposal/recycling. It is generally accepted that technical systems are dependent
upon natural capital throughout their life cycle. Therefore, to obtain a complete
view from a sustainability perspective, the behaviour and performance of technical
systems should be considered throughout the life cycle (Ulgiati et al., 2011).
Different portions of the life cycle were considered during different parts of the
research reported in this thesis, as briefly discussed below.

To gain a comprehensive view on the behaviour and performance of technical
systems from a sustainability perspective, a range of SPIs covering all life cycle
phases were reviewed and analysed during the research. These were identified
from the literature. The behaviour and performance of the energy and marine
systems studied in industry (mentioned above) was modelled and assessed over
timescales not exceeding the operation phase of the life cycle. This was due to
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both the time constraints of PhD research, and data limitations, as discussed in
Chapter 9 (Section 9.1.1.3).

As highlighted previously, with respect to improving the sustainability of technical
systems, design is considered to be a critical part of the manufacturing phase of the
life cycle. Specifically, technical systems are developed through engineering design
(Hubka, 1982; Eder, 2003), with sustainability-oriented engineering design
focusing on the design of sustainable technical artefacts (discussed in Chapter 4).
Engineering design involves defining and refining a technical system structure that
will exhibit the behaviour required to fulfil a desired function (Tully, 1993; Gero
and Kannengiesser, 2004; Wang et al., 2008). Accordingly, to gain insight into the
function, behaviour, and structure of technical systems from a sustainability
perspective, sustainability-oriented engineering design was examined during the
review. Other types of design may be involved in the life cycle of a technical
system, e.g. industrial design, focusing on aesthetics and form (Bhamra and
Lofthouse, 2007), and graphic design, focusing on product packaging and branding
(Lopes et al,, 2012). Limited sources from an industrial design context were
considered during the research, given that this design domain may be viewed as
occupying a position “between art and engineering” (Bhamra and Lofthouse, 2007,
p-3). However, these branches of design are not chiefly concerned with the
function, behaviour, and structure of technical systems. As such, the primary focus
was engineering design.

1.2 Aim and objectives

The research reported in this thesis was motivated by a lack of clarity regarding
the basic constitution of sustainability, and the need for a common basis among
decision makers wishing to manage the sustainability of technical systems. The
aim of the research was to develop a generic model of technical system
sustainability, to address the lack of a: (i) consistent view on sustainability
improvement, (ii) common approach to identifying appropriate SPIs, and (iii)
fundamental formalism of sustainability.

To achieve the research aim, a number of objectives were defined:
01. Identify issues facing sustainability research in order to define the research
focus, and to provide a means to evaluate the model.
01.1 Establish the current state of knowledge on sustainability in a
societal context.
01.2 Establish the current state of knowledge on sustainability in a
technical systems context.
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01.3 Identify shortcomings in the literature on sustainability of society
and technical systems.
02. Construct a generic model of technical system sustainability on the basis of
the literature.
02.1 Gather observations on sustainability from the literature on
sustainability of society and technical systems.
02.2 Make inferences regarding the fundamental elements involved in
sustainability, and the relationships among them.
03. Evaluate the validity, utility, and applicability of the model.
03.1 Apply the model to technical systems in industry.
03.2 Elicit the opinions of technical systems experts on the model.
03.3 Refine the model on the basis of the evaluation findings.
04. Critique the work in order to identify advantages, disadvantages, and areas
for future research.

1.3 Thesis structure

The adopted research approach is presented in Chapter 2. A discussion on the
nature of research approaches and research philosophy is provided, before the
philosophy, methodology, and research design adopted are detailed. The
remainder of the thesis is organised into three parts, focusing on the development,
evaluation, and critique of the S-Cycle/S-Loop models. The contents of each part
are outlined below. The relationships between the objectives presented in Section
1.2 and different elements of the thesis are highlighted.

Part 1: Model development (Chapters 3, 4, 5 and 6)

Chapters 3, 4, and 5 centre on identification of the research focus (01). Chapter 3
presents the findings of a review of research on the sustainability of society
spanning nine sectors (01.1). The meaning, value, and constitution of
sustainability are examined, and the activities through which sustainability is
realised are considered. Chapter 4 presents the findings of a review of research on
sustainability in a technical systems context (01.2), focusing on the nature of
technical systems, sustainability-oriented engineering design, and sustainability
performance evaluation. In Chapter 5, the findings presented in Chapters 3 and 4
are discussed, leading to the identification of shortcomings in current knowledge
on sustainability (01.3). Three key issues to be addressed by the research,
focusing on a consistent view of sustainability improvement, a common approach
for SPI identification, and a fundamental formalism of sustainability, are defined on
this basis along with the overarching research aim.
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Chapter 6 presents the findings of inductive literature research conducted to build
the S-Cycle/S-Loop models, based on the same sectors considered in the literature
review in Chapter 3 (02). Observations on three central concepts involved in
sustainability are gathered from the literature (02.1), namely systems, activities,
and knowledge. The fundamental elements involved in sustainability, and their
interrelationships, are then inferred from these observations to construct the
models (02.2).

Part 2: Model evaluation (Chapters 7 and 8)

Chapter 7 presents the approach adopted to evaluate the S-Cycle/S-Loop models
(03). Three aspects to be evaluated are identified based on the issues identified in
Chapter 5, i.e. validity, utility, and applicability. Four research methods applied
during evaluation are then outlined: (i) two worked examples based on technical
systems described in the literature; (ii) three case studies focusing on systems in
industry (03.1); (iii) expert appraisal workshops with engineering designers in
industry (03.2); and (iv) an analytical study of performance indicators. Chapter 8
presents the findings of the evaluation, and a refined version of the S-Cycle model
based on these findings (03.3).

Part 3: Reflections (Chapters 9 and 10)

Chapter 9 provides a discussion on the work as a whole, highlighting advantages
and disadvantages. Recommendations for future work are made on the basis of
the disadvantages and the research findings generally (0O4). Chapter 10 concludes
the thesis with a summation of the research, the key findings, and the advantages
and disadvantages.
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2 Research approach

According to Kumar (2011), in order for a process of inquiry to qualify as research,
it must be controlled, systematic, reliable and verifiable, empirical, and critical. In
this respect, defining a suitable research approach may be viewed as a crucial
activity for a researcher. Generally speaking, a research approach can be
considered to address two key aspects: (i) the research methodology adopted to
achieve the research aim and objectives, and the sources from which data will be
collected; and (ii) the research design, i.e. how the research methods, techniques,
data sources, and research outputs relate to one another within the research
process (the structure of the research). A clearly defined approach serves as a plan
for conducting the research, but also allows readers to determine whether the
research meets the criteria discussed by Kumar (2011) above.

This chapter outlines the approach adopted in this research. In Section 2.1,
different types of research approach discussed in the literature are considered. It
is generally accepted that a researcher’s methodological decisions should be
informed by their research philosophy. That is, their assumptions regarding the
nature of reality and knowledge. Accordingly, two research philosophies
dominating much of scientific inquiry are discussed in Section 2.2, namely
positivism and realism. The adopted research approach is elaborated in Section
2.3. A summary of the chapter is provided in Section 2.4.

2.1 Research approaches

Grinnell et al. (2010, p.8) suggest that the nature of research may be understood
through consideration of the two syllables comprising the term. Thatis: re,
meaning to repeat or perform again; and search, meaning to examine thoroughly
and conscientiously (Oxford English Dictionary, 2014). The term research may
therefore be considered to refer to “a careful and systematic study in some field of
knowledge,” that is typically undertaken to contribute new knowledge to the area
in question (Grinnell et al., 2010, p.20). Research may be: pure, i.e. seeking to
advance academic theory and research methodology; or applied, i.e. addressing
practical issues through the application of existing knowledge and research
methodology (Kumar, 2011; Easterby-Smith et al.,, 2012). Research may also be
described as descriptive, explanatory, or exploratory in nature. Descriptive
research seeks to systematically describe a phenomenon, whilst explanatory
research focuses on establishing and explaining the nature of relationships
between different aspects of a phenomenon. Exploratory research explores a
poorly understood area or determines the feasibility of a larger-scale study. The
research reported in this thesis involves both descriptive and explanatory

10



Chapter 2 Research approach

elements. That is, modelling sustainability of technical systems involves both
describing the elements involved in the phenomenon, and establishing the
relationships among them.

Regardless of the type of research undertaken, the adoption of a suitable approach
may be viewed as critical with respect to conducting a controlled and systematic
research process that yields valid and verifiable findings. Creswell (2014, p.3)
defines a research approach as “plans and the procedures for research.” A central
element of any research approach is the particular combination of research
methods and techniques to be applied. This may be termed a research
methodology. As discussed by Reich (1994, p.263), certain researchers “equate
methodology with method.” However, as Reich highlights, the term methodology
more broadly refers to “the theory of methods.” They suggest that specifically,
research methodology may be described as “a collection of methods for doing
research and their interpretations.” Similarly, Easterby-Smith et al. (2012, p.xv)
define research methodology as referring to “the way research techniques and
methods are grouped together to form a coherent picture.” Thus, a research
methodology may be seen to encompass not only the individual methods and
techniques that will be used, but also the manner in which they are interpreted and
combined by the researcher.

The terms method and technique appear to be defined rather inconsistently in the
literature. In this thesis, a research method is considered to represent an
identifiable way of working during the research process, whilst a technique is
viewed as a specific means of collecting, analysing, or interpreting data in the
context of a particular research method (Reich, 1994; Saunders et al., 2009;
Easterby-Smith et al., 2012; Creswell, 2014). For example, in this thesis, case study
is considered to represent a research method, whilst unstructured interviews and
document analysis are viewed as techniques. Furthermore, interview in a general
sense is considered to be a method, whilst unstructured interviews are viewed as a
specific technique associated with this method. However, it is acknowledged that
different terminology may be applied by other authors. For example, Saunders et
al. (2009) describe case study as a “research strategy” rather than a method.

Research approaches may be classified as quantitative or qualitative. According to
Saunders et al. (2009) the term quantitative refers to data collection or analysis
techniques that generate or use numerical data, and qualitative to those that
generate or use non-numerical data. Quantitative research approaches are those
that employ largely quantitative techniques, and vice versa, qualitative approaches
involve largely qualitative techniques. Saunders et al. (2009) suggest that whilst
certain approaches may be predominantly quantitative or qualitative, most involve

11
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both types of technique to some extent. Therefore, the distinction between
quantitative and qualitative approaches should be viewed as a continuum rather
than a dichotomy. What are commonly termed mixed methods approaches may be
considered to occupy the central position along this continuum (Creswell, 2014).
That is, approaches employing a combination of quantitative and qualitative
techniques. In addition to mixed methods approaches, Saunders and Tosey (2012,
pp-58-59) outline two further variations of quantitative and qualitative
approaches, namely:

e Mono method, i.e. the use of “a single data collection technique and
corresponding analysis procedure.” The technique may be quantitative or
qualitative in nature.

e Multi method, i.e. the use of multiple techniques. Again, these may be
quantitative or qualitative in nature.

Mixed and multi method approaches are commonly associated with the concept of
triangulation. Pioneered by Denzin (1970), triangulation generally refers to the
use of multiple methods to study the same phenomenon. Triangulation may be
interpreted in different ways in the literature (Shih, 1998). The kind of
triangulation associated with the work of Denzin (1970) is multiple triangulation,
which focuses on triangulating multiple aspects of research to improve validity and
objectivity (Wang and Duffy, 2009), and increase the researcher’s “depth and
breadth of understanding” (Shih, 1998, p.633). The aspects typically triangulated
are data sources, investigators, theories, and methods (Wang and Duffy, 2009).

The notion of methodological pluralism conveys that no single approach is innately
advantageous over another. In this respect, authors suggest that researchers
should adopt the type of approach that is most suitable for addressing their
particular research problem (Knox, 2004; Payne, 2006). Saunders et al. (2009,
p.58) highlight that all researchers have “[their] own personal view of what
constitutes acceptable knowledge and the process by which this is developed,” as
well as “the nature of the realities encountered” during the research process. That
is, their research philosophy. This philosophy impacts upon how the research
problem is understood and consequently, the kind of approach that is adopted to
address it. Accordingly, the literature on research philosophies is explored in
Section 2.2.

2.2 Research philosophies
Saunders et al. (2009, p.128) state that the overarching term research philosophy

“relates to the development of knowledge and the nature of that knowledge.” In
this thesis, the term worldview is adopted as the basis for discussing philosophical
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assumptions, and is applied in the same sense as Guba (1990): “a basic set of
beliefs that guide action” (Guba 1990, cited in Creswell, 2014, p.6). Reich (1994)
models worldview in terms of three perspectives, namely:

e Ontological, i.e. focusing on assumptions regarding the nature of reality
(Saunders et al., 2009). Reich (1994, p.265) suggests that a central
ontological question is, “Do we know things about the ‘real’ world, or is our
knowledge a reflection of our manipulation of the world?”

e Epistemological, i.e. focusing on assumptions regarding how humans “come
to know” (Horvath and Duhovnik, 2005, p.3), and beliefs regarding what
constitutes acceptable knowledge (Saunders et al., 2009).

e Methodological, i.e. focusing on “the methods for creating knowledge about
the world and the interpretation of this knowledge in light of the
ontological and epistemological positions” (Reich, 1994, p.265).

Saunders et al. (2009, p.116) outline what may be viewed as a fourth perspective
of a worldview: axiological, which pertains to a researcher’s “judgements about
value” during the research process. The worldview adopted in this thesis
considers all four perspectives outlined above, as illustrated in Figure 2-1.

Reich (1994, p.264) argues that “research methodology is intimately connected
with, and constrained by, the world view it serves.” In this respect, a researcher’s
ontological, epistemological, axiological, and methodological perspectives should
be coherent with respect to the manner in which the real world and knowledge are
interpreted. This has lead authors in the literature to categorise different types of
approach and method with respect to specific research philosophies (e.g. Easterby-
Smith et al., 2012; Saunders and Tosey, 2012). However, Saunders and Tosey
(2012, p.59) suggest that the methodological boundaries between philosophies
“are often permeable.” The key consideration is whether the adopted approach
can produce findings that are valid in light of the researcher’s philosophical
worldview (Knox, 2004). From this viewpoint, Easterby-Smith et al. (2012, p.19)
suggest that an understanding of research philosophy can “contribute to the
creativity of the researcher,” e.g. by highlighting alternative or innovative data
collection strategies.

Broadly speaking, two branches of philosophy may be considered to encompass
the range of world views regarding human inquiry, namely scientism and
practicism (Reich, 1994). Scientism may be considered to include the philosophies
of positivism and realism, whilst practicism can be viewed as encompassing
philosophies such as interpretivism and pragmatism (Saunders et al., 2009;
Creswell, 2014). A discussion of the full range of research philosophies is beyond
the scope of this thesis. Rather, Reich's (1994) position that those philosophies
falling into the category of scientism are most prominent in engineering research is
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adopted. Consequently, given the focus of this thesis on technical systems and
engineering design, the philosophies of positivism and realism are explored in

Sections 2.2.1 and 2.2.2 below.
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Figure 2-1: Model of worldview adopted in this thesis

2.2.1 Positivism

The philosophy of positivism is generally considered to have roots in the physical
sciences (Kumar, 2011), and dominated much of scientific inquiry during the first
half of the 20t century (Guba and Lincoln, 1994). Authors argue that in current
philosophical thinking, a number of the assumptions held by positivism have been
discredited (Reich, 1994; Trochim, 2006). However, the philosophy remains
strongly associated with research in the physical sciences, and may also be applied
in engineering research (Reich, 1994). Saunders et al. (2009) describe positivism
as “the tradition of the natural scientist.” However, any researcher “concerned
with observing and predicting outcomes” may be considered to reflect the
philosophy of positivism. The ontological, epistemological, axiological, and
methodological perspectives of positivism are outlined below.
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Ontology

According to Saunders and Tosey (2012), positivists adopt the ontological position
of objectivism. That is, they consider a reality to exist independent of social actors,
and this reality can be observed in an objective manner. Furthermore, reality is
viewed as deterministic, i.e. operates “according to cause-and-effect, free-context
laws” (Reich, 1994, p.265).

Epistemology

Positivism asserts that science should only study those aspects of the world that
we can be certain about, i.e. that we can observe, measure and independently
verify (Easterby-Smith et al., 2012). Therefore, the study of subjective aspects
such as a person’s feelings or opinions about a particular situation, or the value
and meanings attached to entities by humans, would not typically be of interest to
positivists (Clark, 1998; Crossan, 2003; Saunders et al., 2009). In essence,
positivists believe that humans cannot acquire knowledge of anything beyond
what they can directly observe and measure (Trochim, 2006). It is assumed that
objective knowledge about the real world can be acquired “through the
employment of appropriate methodology” (Reich, 1994, p.265). Positivists are
also typically reductionists - they believe that complex problems and situations
may be better understood if broken down into smaller parts (Creswell, 2014).

Axiology

Saunders et al. (2009, p.114) suggest that a key characteristic of positivism is that
“research is undertaken, as far as possible, in a value-free way.” That is, the
researcher remains independent of the data and takes an objective view. Saunders
et al. question whether completely value-free research is achievable in practice,
suggesting that both the decision to adopt a positivist stance, and the choice of
research objectives and data to collect may entail value judgements.

Methodology

Positivism is often associated with quantitative approaches, employing methods
such as experiments and surveys to study observable behaviour. A key
characteristic of positivistic inquiry in this sense is that concepts must be
operationalised in such a way that they can be measured. Typically, positivist
approaches are empirical and largely deductive in their reasoning processes, i.e.
they seek to explain causal relationships through the controlled testing of
hypotheses derived from theory (Guba and Lincoln, 1994; Saunders et al., 2009).
The emphasis is on “quantifiable observations that lend themselves to statistical
analysis,” and the positivist researcher is “likely to use a highly structured
methodology in order to facilitate replication” (Saunders et al., 2009, p.104).
Having said this, other authors argue that the use of certain qualitative techniques
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may also be valid within a positivist worldview (Knox, 2004; Kumar, 2011).
Moreover, Knox (2004, p.120) suggests that whilst there is a tendency to associate
the term “empirical” with quantitative data, it may be more generally interpreted
as referring to “evidence drawn from concrete situations,” which could be
qualitative in nature.

2.2.2 Realism

The assumptions and assertions of positivism came under increasing scrutiny
during the latter half of the 20th century (Guba and Lincoln, 1994). In particular,
the philosophy has received considerable criticism in the social sciences where the
focus of study is human behaviour and society (Kumar, 2011). Here, researchers
argue that owing to its strongly objectivist ontology, reductionist outlook, and
quest for generalisable mechanistic rules, positivism is not conducive to in depth
investigation of humans and their behaviour (Clark, 1998; Crossan, 2003). These
concerns have led to the emergence of alternative worldviews regarding the
philosophy of science (Popper, 1959; Guba and Lincoln, 1994; Reich, 1994).
Among these is realism, which is compared and contrasted with positivism by
Saunders et al. (2009, p.114). The authors state that realism “is similar to
positivism in that it assumes a scientific approach to the development of
knowledge.” However, there are fundamental differences in its ontological,
epistemological, axiological, and methodological perspectives, which are outlined
below.

Ontology

Like positivism, realism holds the ontological position of objectivism. However,
the realists’ stance in this respect is somewhat different to that of positivism.
According to Saunders et al. (2009, p.114), realism considers there to be a reality
that exists “quite independent of the human mind.” Positivism assumes that this
reality can be directly observed in an objective manner through measurement. In
contrast, realism assumes that humans can only access reality indirectly through
their senses (Saunders et al., 2009). Two forms of realism may then be
distinguished on this basis: direct realism, and critical realism. The former asserts
that “what you see is what you get: what we experience through our senses
portrays the world accurately.” The latter asserts that “what we experience are
sensations,” i.e. representations of things in the real world and “not the things
directly” (Saunders et al., 2009, pp.114-115). For critical realists, reality “is
interpreted through social conditioning” (Wahyuni, 2012, p.114). Drawing from
the work of Bhaskar (1978), Easterby-Smith et al. (2012, p.29) highlight the notion
of a structured ontology as a key feature of critical realism. Reality may be
considered at three levels: (i) the empirical, comprising “the experiences and
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perceptions that people have;” (ii) the actual, comprising “events and actions that
take place whether or not they are observed or detected;” and (iii) the real,
comprising “causal powers and mechanisms that cannot be detected directly, but
which have real consequences for people and society.”

Epistemology

According to Saunders et al. (2009), direct realism and critical realism differ in
their epistemological assertions. Direct realism argues that humans acquire
knowledge of the world through sensing alone. In contrast, critical realism argues
that humans come to know through the subjective processing of sensations. That
is, humans sense a particular thing, and the resulting sensations are then
processed within the mind via cognitive activities. Both direct and critical realists
believe that knowledge is fallible - that is, subject to revision in light of new or
updated observations (Guba and Lincoln, 1994). However, they differ in their
justification for this belief. Direct realists claim that insufficient data may cause
inaccuracies in human sensations, whilst critical realists claim that sensations are
open to multiple interpretations, some of which may be faulty (Saunders et al.,
2009). A final epistemological difference between direct and critical realism
pertains to the context within which phenomena are studied. Direct realism
typically considers the world to operate at a single “level” Easterby-Smith et al.
(2012, p.29), e.g. a person, a group, or an organisation, and conducts inquiry
accordingly (Saunders et al., 2009). Critical realism places importance on inquiry
at multiple levels (e.g. a person, a group and an organisation). The belief is that
different levels are composed of different sets of structures and processes that may
alter the researcher’s understanding of a particular phenomenon when observed
(Saunders et al., 2009).

Axiology

Realism considers the researcher to be “biased by world views, cultural
experiences and upbringing,” all of which may have an impact on the research
process and the findings produced. Consequently, realists view research as value-
laden (Saunders et al., 2009, p.119). This may be contrasted with positivism,
which argues that research is carried out in a value-free manner as discussed in
Section 2.2.1.

Methodology

Methodologically, realism stipulates that methods may be quantitative and/or
qualitative, as long as those selected fit the subject matter (Saunders and Tosey
2012). Realist approaches may employ deductive reasoning like positivist
approaches, a combination of deduction and induction, or they may be largely
inductive (Saunders et al., 2009). Induction moves from the particular to the
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general, e.g. the collection and analysis of detailed observations of a phenomenon
to formulate a more general theory or model (Trochim, 2006). In particular,
critical realism may be strongly associated with mixed and multi method
approaches, and the notion of triangulation (Guba and Lincoln, 1994; Saunders et
al,, 2009; Wahyuni, 2012). This is largely due to the epistemological assertion that
sensations are open to multiple and potentially faulty interpretations, and the
axiological assumption that the researcher may be biased. The belief is that by
triangulating methods, a researcher can gain multiple views on a phenomenon and
potentially address faulty and biased interpretations, thereby providing greater
confidence in the validity of the research findings (Shih, 1998; Creswell, 2014). It
may also be argued that the stratified ontology of critical realism is suggestive of
mixed and multi method approaches, because there is a need to inquire into the
world at the level of both immediate experiences and the structures and processes
that underpin these experiences (Saunders and Tosey, 2012).

2.3 Adopted research approach

Having discussed different types of research approach and the nature of research
philosophy and methodology in Sections 2.1 and 2.2, the approach adopted in this
research is elaborated in the following sub-sections. The adopted philosophy and
methodology are outlined in Sections 2.3.1 and 2.3.2. Consideration has also been
given to the means by which the research is disseminated, which are briefly
discussed in Section 2.3.3. The overall research design is presented in Section
2.3.4.

2.3.1 Research philosophy

The aim of this thesis is to develop a generic model of technical system
sustainability, to address the lack of a: (i) consistent view on sustainability
improvement, (ii) common approach to identifying appropriate SPIs, and (iii)
fundamental formalism of sustainability. This requires investigation of the nature
of both sustainability and technical systems. Sustainability involves natural
systems and processes that operate according to physical laws. As a concept, it
may be interpreted in different ways by different people, resulting a variety of
different meanings and definitions. Technical systems may also be considered to
operate according to physical laws. They are the design artefact in the engineering
design process and thus, are developed by humans in order to meet the needs of
society. Therefore, it may be seen that modelling sustainability of technical
systems entails investigation of both natural entities and social actors, and the
relationships between the two.

18



Chapter 2 Research approach

On the basis of the above, critical realism is argued to be the most appropriate
philosophy to guide the research. It adopts an objectivist ontology and scientific
approach that are conducive to the study of natural processes and systems.
Furthermore, its ontological, epistemological, axiological, and methodological
perspectives are conducive to investigation of the subjective aspects of human
beings. Thatis: the assumption that reality is multi-layered and subjectively
interpreted; the recognition that research is inherently value-laden and that
multiple interpretations are possible; and the assertion that the use of qualitative
methods and inductive reasoning are valid research approaches. The worldview
adopted in this research may therefore be summarised as:

e Ontology: external and multi-layered. Reality exists independent of the
human mind but is subjectively interpreted through social conditioning.

e Epistemology: knowledge is acquired through sensing and cognitive
processing, and is thus subject to multiple interpretations. Knowledge is
fallible owing to the possibility of conflicting and faulty interpretations.
Phenomena should be studied at multiple levels in order to be understood.

e Axiology: research is value-laden.

e Methodology: the approach should fit the research problem. Mixed/multi
method approaches and deductive/inductive processes are all acceptable.
Research should be triangulated to address faulty interpretations and
biases.

2.3.2 Research methodology

As discussed previously, the nature of the research problem is a fundamental
consideration informing the choice of research methods from a critical realist
perspective. In order to model sustainability of technical systems, it is necessary
to identify the constituent elements of the phenomenon and the relationships
between them. In this kind of study, where the researcher “does not know the
important variables to examine,” Creswell (2014, p.20) suggests that a qualitative
approach, facilitating in depth examination of the phenomenon, is particularly
suitable. Accordingly, the majority of the methods adopted are qualitative in
nature. In accordance with the worldview of critical realism, the research
methodology is multi method and triangulated to address potential
misinterpretations and bias in the research process. The methodology is aligned
with Denzin's (1970) notion of multiple triangulation. As mentioned in Section 2.1,
multiple triangulation prescribes that research should be triangulated in terms of
data sources, investigators, theories, and methods. All four aspects were
triangulated in this research, as discussed further below. In order to achieve the
research aim, a number of questions need to be addressed:
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Q1.What prior research has been conducted on the phenomenon by other
authors?
Q2.What kind of data is needed to model sustainability of technical systems?
Q3.Through what process should the model be developed?
Q4.How should the model be evaluated after it has been developed?
As a means to elaborate the adopted research methodology, the answers to these
questions are discussed in the following paragraphs.

With respect to Q1, a literature review was conducted to identify the state-of-the-
art in research on sustainability in both a societal context (Chapter 3) and a
technical systems context (Chapter 4). This yielded knowledge of the area and the
salient issues facing research. On the basis of this knowledge, the research
problem was formulated, and the aim and objectives defined.

Regarding Q2, Wang and Duffy (2009, p.2) state that data triangulation “refers to
the need to retrieve data from a number of different sources with similar foci for
the purpose of validation.” In this research, data were collected from:
e samples of the literature on sustainability of society and technical systems;
e technical documentation describing three technical systems designed by
the companies Babcock and BAE Systems3;
e engineering designers from BAE Systems and Company A; and
e asample of performance indicators applied to assess the sustainability
performance of technical systems by other authors.
The data collected were non-numerical, i.e. qualitative in nature. It should become
apparent in the paragraphs below that the data generated by techniques applied in
the research were also largely qualitative. However, numerical (i.e. quantitative)
data were also generated to a limited extent.

With respect to Q3, Sim (2000, p.17) states that models do not fully represent
reality, but are rather “abstract organisational ideas derived from inferences based
on observations.” Thus, model building may be viewed as a largely inductive
process, where general elements and relationships are inferred from detailed
observations of a phenomenon. In this research, detailed observations regarding
the fundamental constitution of sustainability were made through a literature
investigation, elaborated in Chapter 6. The S-Cycle and S-Loop models were then
developed by inferring the general elements and relationships involved in
sustainability from the findings of the investigation.

3 Three companies were involved in the research, as discussed further in Chapter 7: BAE Systems Maritime
and Babcock Marine, both specialising the the design and manufacture of warships; and Company A, who
cannot be named for confidentiality reasons.
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Regarding Q4, evaluation in this research focused primarily on the S-Cycle model
owing to the time constraints of PhD research. The evaluation considered three
aspects of the model, namely its validity, utility, and applicability (Chapters 7 and
8). These are aligned with three issues for sustainability research identified
through the initial literature review (discussed in Chapter 5). To evaluate the
model, the following process was undertaken:

e Two worked examples, where the model was applied to two systems
described in the literature, were developed independently by different
researchers.

e A guideline detailing a process for applying the model to technical systems
was developed on the basis of the literature on performance measurement
(the S-Cycle guideline). The guideline was then used to apply the model to
three sub-systems of a warship in three separate case studies. These
studies were carried out largely independently by three researchers.
During the studies, two techniques were used to gather data: unstructured
interviews with engineering designers, and analysis of documentation
specifying and describing the systems under study. Additionally, the IDEF0
modelling language was applied to develop a function model of one of the
systems studied using data gathered through the above techniques.

e The opinions of engineering designers, considered here as technical
systems experts, were sought through two interactive workshops.
Participants undertook a practical exercise where they were asked to apply
the model to a technical system of their choosing using a predefined
template. Following this, they indicated their opinions on the model
through a self-report questionnaire consisting of Likert ratings and open
responses. The workshops were preceded by a pilot study involving three
engineering design researchers.

e An analytical study of 304 performance indicators applied to assess the
sustainability performance of technical systems by other authors was
conducted. The S-Cycle was applied to define a set of generic sustainability
performance indicators for technical systems, and the reported indicators
were then classified with respect to these.

e The collective findings yielded by the above methods were interpreted,
resulting in a refined version of the model including an additional element
and relationship that were not identified through the inductive model
building process.

¢ Finally, overall conclusions regarding the model’s validity, utility, and
applicability were drawn from the findings.
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The process may be viewed as deductive, in the sense that conclusions about the
model were drawn from detailed observations gathered during its application to
different systems in different contexts.

According to Wang and Duffy (2009, p.2), investigator, theory, and methodological
triangulation may be described as follows:

e [nvestigator triangulation: where several investigators carry out
observations of the same problem in an attempt to maintain objectivity and
avoid bias.

e Theory triangulation: entails “the use of multiple perspectives to interpret a
single set of data, or provide alternative explanations for the same
phenomenon.”

e Methodological triangulation: refers to the use of multiple methods as
discussed above. Triangulation in this aspect may be “within-method,”
where the same method is used to study the same phenomenon on different
occasions, or “between-method,” where different methods are applied to
study the same phenomenon.

[t may be seen from the above discussion on the adopted research methodology
that investigator triangulation was achieved through the involvement of three
researchers to conduct the case studies. Theory was triangulated in the sense that
an inductive process was undertaken to build the S-Cycle model, and a deductive
process to evaluate it. Finally, both types of methodological triangulation were
achieved: within-method triangulation was achieved through the two independent
worked examples and three independent case studies; and between-method
triangulation resulted from the application of five different research methods,
namely an inductive literature investigation, worked examples, case study, expert
appraisal through interactive workshops, and an analytical study of performance
indicators.

2.3.3 Dissemination

The means by which findings will be disseminated may be viewed as an important
consideration for two major reasons. Firstly, research publications are the means
by which research is peer reviewed. That is, critically examined by experts within
the wider research community. Peer review serves to maintain the quality and
originality of research and in turn, the integrity of the knowledge production
process (Blessing and Chakrabarti, 2009). Secondly, dissemination is the key
mechanism by which the body of scientific knowledge is expanded. As stated by
Griffiths (cited in Blessing and Chakrabarti, 2009, p.215), scientific research “is a
communal achievement, for in learning something new the discoverer both draws
on and contributes to the body of knowledge held in common by all scientists.” On
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this basis, it may be concluded that the dissemination of research is fundamentally
necessary for the advancement of scientific knowledge.

Different modes of research dissemination, and the process of writing up research,
are given considerable attention in the Design Research Methodology (DRM)
outlined by Blessing and Chakrabarti (2009). Three types of formal publication
are employed to disseminate the findings of the research reported in this thesis:

e Journal article, i.e. a paper published in a journal. Given the importance of
peer review and dissemination to the wider research community, the
findings from three parts of the research are reported in journal articles
that are included as appendices to this thesis: (i) the literature review on
sustainability-oriented engineering design (Paper A, Appendix 1, relating to
Section 4.2 of Chapter 4); (ii) the inductive research conducted to build the
S-Cycle/S-Loop models (Paper C, Appendix 3, relating to Chapter 6); and
(iii) the analytical study of performance indicators (Paper B, Appendix 2,
relating to Section 7.3 of Chapter 7 and Section 8.2.3.2 of Chapter 8). Paper
C is published in the Journal of Environmental Management. Paper A is
under revision for re-submission to the Journal of Engineering Design, and
Paper B is to be submitted to an appropriate engineering journal.

e Technical report, i.e. a paper intended for dissemination to engineering
designers in industry. The findings of the case study conducted with BAE
Systems are disseminated in a technical report (Paper D) that is included in
Appendix 4 and primarily relates to Section 7.1.3.2 of Chapter 7.

o Thesis, i.e. a “detailed account of a piece of research undertaken for the
purpose of obtaining a research degree,” namely a Masters or a PhD
(Blessing and Chakrabarti, 2009, p.216). That is, this document.

In addition to the publications outlined above, the S-Cycle and S-Loop models were
disseminated to academics and industrialists in a poster presentation session at
the 8th Annual Scottish Environmental and Clean Technology Conference, held on
26t June 2014 in Glasgow, United Kingdom.

2.3.4 Research design

Having outlined the adopted research approach and the modes of research
dissemination in Sections 2.3.1 - 2.3.3, the research design is presented in Figure
2-2. That is, the overall structure of the research. As discussed in Section 2.3.2, the
approach is largely qualitative, multi method, and triangulated in terms of data
sources, investigators, theories, and methods.
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[t may be seen in Figure 2-2 that the research can be broken down into seven
phases that correspond with chapters in this thesis:

1. Literature review.
The state-of-the-art in sustainability research was mapped by reviewing
two bodies of literature, i.e. research on the sustainability of society
(Chapter 3), and the sustainability of technical systems (Chapter 4).

2. Identification of research problem.
The findings from the literature reviews were considered as a whole,
leading to the identification of three salient issues to be addressed by the
research (Chapter 5).

3. Definition of aim and objectives.
On the basis of the issues identified in phase 2, the research aim and
objectives were defined (Chapter 1).

4. Model building.
Observations regarding the constitution of sustainability were gathered
through an inductive literature investigation. The S-Cycle and S-Loop
models were then developed by inferring general elements and
relationships involved in sustainability from the findings (Chapter 6).

5. Model evaluation.
The validity, utility, and applicability of the S-Cycle model were evaluated
through a deductive process involving several methods and techniques:
worked examples developed independently by two researchers; case
studies conducted independently by three researchers; expert appraisal
through a workshop-based practical exercise and questionnaire; and an
analytical study of performance indicators (Chapters 7 and 8).

6. Reflection and refinement.
The evaluation findings were analysed leading to refinement of the S-Cycle
model (Chapter 8). General conclusions were drawn regarding the validity,
utility, and applicability of the model, and the advantages and
disadvantages of the work were considered. On this basis, future work was
recommended (Chapter 9).

7. Consolidation.

Research findings were documented and disseminated via both formal
publications and informal media (e.g. notebooks, logbooks, and internal
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reports for supervisors) throughout the research process. The final phase
in the research process focused on consolidating these pieces of writing to
produce the thesis.

2.4 Summary

This chapter has outlined the approach adopted in this research. In Sections 2.1
and 2.2, different types of research approach and philosophy were explored as a
basis for discussing the adopted approach in Section 2.3.

Owing to the focus of the research on sustainability, which involves natural and
social entities and the interactions between them, the philosophy of critical realism
was adopted to guide the research (Section 2.3.1). In accordance with the
epistemological and methodological perspectives of critical realism, the adopted
methodology is multi method and triangulated to address faulty interpretations
and bias in the research process (Section 2.3.2). Multiple triangulation was
achieved, i.e. with respect to data sources, investigators, theories, and methods. To
achieve the research aim, it is necessary to identify the general elements and
relationships involved in sustainability of technical systems. To facilitate in depth
investigation in this respect, five largely qualitative methods were applied:
literature review; worked examples; case study; expert appraisal through a
workshop-based exercise; and an analytical study of performance indicators. The
research is disseminated via three journal articles, a technical report, and this
thesis (Section 2.3.3). Finally, the research design presented in Section 2.3.4 shows
that the research process may be broken down into seven phases, ranging from the
initial literature reviews to consolidation of the work to produce the thesis.

In the next two chapters, the findings of the literature reviews on sustainability of

society (Chapter 3) and technical systems (Chapter 4) are presented, before the
research aim is delineated in Chapter 5.
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Chapter 3 A review of research on the sustainability of society

3 Areview of research on the sustainability of
society

The roots of the sustainability concept can be traced back to the eighteenth
century, where the “Nachhaltigkeitsprinzip” (sustainability principle) was defined
in the German forestry literature as a basis for forestry management (Wiersum,
1995, p.322). In recent decades, sustainability has emerged as a central aim for
society, owing largely to the mounting evidence suggesting that human activity in
the Earth system is following an unsustainable trajectory. In 1987, the World
Commission on Environment and Development (WCED), led by Gro Harlem
Brundtland, applied the sustainability concept to the socio-economic development
process in the seminal work, Our Common Future (WCED, 1987). Since then,
research on sustainability has proliferated across numerous sectors of society and
the economy, resulting in hundreds of different interpretations and definitions of
the concept (Kidd, 1992; Vos, 2007; Kajikawa, 2008).

The expanding scope of sustainability research is mirrored by the expanding size
of the literature that documents it. For example, a search for titles containing
‘sustainab™ through the Web of Science service (Web of Science, 2014) between
1900 and 1986 returns 197 records. In contrast, conducting the same search
between 1987 and 2014 returns just under 50,000 results. However, within this
considerable body of literature, there is a lack of integrative research focusing on
the fundamental constitution of sustainability (Hannon and Callaghan, 2011;
Turner et al.,, 2003). That is, research outlining the basic aspects that characterise
sustainability in any context. Knowledge in this respect can in turn provide a solid
basis for understanding the specific characteristics of sustainability in individual
contexts.

This chapter presents a review of sustainability research spanning nine sectors,
providing an overview of the state of the art and identifying the elements that are
common to all contexts. The following sectors were considered:
e agriculture (e.g. Conway, 1986; Hansen, 1996; Tilman et al., 2002; Pretty,
2008; Walter and Stiitzel, 2009; Darnhofer et al., 2010);
e business (e.g. Dyllick and Hockerts, 2002; Hart and Milstein, 2003; Figge
and Hahn, 2005; Rainey, 2006; Lo, 2010; Hahn and Figge, 2011);
e design (e.g. Wahl and Baxter, 2008; Chapman, 2011; Gagnon et al., 2012);
e economics (e.g. Daly, 1990a,b; Daly, 1992; Costanza and Daly, 1992; Solow,
1993; Odum, 1994; Brown and Ulgiati, 1997; Ekins et al,, 2003; Neumayer,
2003; Baumgartner and Quaas, 2010; Derissen et al,, 2011; Heal, 2012);
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o fisheries (e.g. Larkin, 1977; Gaichas, 2008; Standal and Utne, 2011; Norse et
al,, 2012);

o forestry (e.g. Noss, 1993; Wiersum, 1995; Pearce et al,, 2003; Hahn and
Knoke, 2010);

e socio-economic development (e.g. Brown et al., 1987; WCED, 1987;
Shearman, 1990; Lele and Norgaard, 1996; Jamieson, 1998; Wackernagel
and Yount, 1998; Holling, 2001; Vos, 2007; Dawson et al., 2010; Vucetich
and Nelson, 2010; Burger and Christen, 2011; Rametsteiner et al., 2011;
UNDP, 2011; Bodini, 2012; Eurostat, 2013);

e sustainability science (e.g. Kajikawa 2008; Quental et al. 2010; Spangenberg
2011); and

e urban studies (e.g. Maclaren, 1996; Marcuse, 1998; Dempsey et al., 2011).

As discussed in Chapter 1, the sectors were selected on the basis of a citation
analysis and an integrative review conducted by Kajikawa et al. (2007) and
Kajikawa et al. (2008), respectively. Kajikawa et al. provide a sector-based view on
sustainability research, identifying the sectors making the most significant
contributions to sustainability science and knowledge through an analysis of the
citation network underlying the literature. Integrative reviews providing an idea-
historical view on sustainability research may also be identified in the literature,
e.g. Kidd (1992) and Quental et al. (2010). However, these were not considered to
provide a suitable basis for delimiting the literature review. As discussed in depth
in Chapter 4, technical systems are ubiquitous throughout different sectors of
society, from agriculture and forestry to business and design. Thus, it is argued
that a sector-based review of sustainability research provides a more appropriate
foundation for investigating sustainability of technical systems than an idea-
historical view.

Sections 3.1 to 3.3 report the findings of an analysis of 60 sources from the above
body of literature. The literature sample is presented in Table A5- 1 in Appendix
5A. Definitions and explanations of sustainability provided by authors were
analysed, leading to the identification of three different viewpoints on the
sustainability concept. These are: (i) lexical definitions of sustainability (Section
3.1.1); (ii) sustainability objectives, encapsulating what is to be sustained and for
how long (Section 3.1.2); and (iii) interpretations of the basic constitution of
sustainability (Section 3.2). Section 3.3 presents an overview of different types of
sustainability emerging from the literature, highlighting different perspectives
adopted by authors in relation to each of the viewpoints outlined in Sections 3.1
and 3.2. Sustainable development is positioned as among the most prolific types of
sustainability discussed in the literature, and it is shown that sustainability may be
considered from either an anthropocentric or non-anthropocentric standpoint.
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Sections 3.4 and 3.5 present a review of research on the realisation of
sustainability, i.e. how it is achieved and assessed. In Section 3.4, the sustainability
goals typically used as a means to influence human activities and systems towards
sustainability are reviewed. Following on from this, in Section 3.5 the assessment
approaches typically applied to obtain information on the sustainability of entities
are outlined. Finally, Section 3.6 provides a summary of the key points covered.

Note that certain sections in this chapter draw from Paper C (Appendix 3).
Sections 3.1 and 3.2 are an expansion on points discussed in Section 2 of the paper,
whilst Sections 3.4 and 3.5 draw from material covered in Section 5.

3.1 The meaning and value of sustainability

Authors highlight the position held by sustainability researchers at the confluence
of the physical and social sciences (Lele and Norgaard, 1996) and more
fundamentally, at the divide between science and politics (Rametsteiner et al.,
2011). As such, it may be seen that the concept of sustainability occupies
something of a conflicted (but also potentially unifying (Quental et al., 2010))
position within the overall research landscape. Accordingly, hundreds of different
definitions of sustainability (Vos, 2007) may be identified in the literature,
originating from different sectors and contexts. Before these specific definitions
are considered in Section 3.3, lexical definitions are outlined here (Section 3.1.1).
In turn, it is shown how more specific definitions may be formulated by specifying
sustainability objectives, which are ultimately selected on the basis of what people
value (Section 3.1.2).

3.1.1 Lexical definitions of sustainability

The term sustainability may be etymologically derived from the Latin verb
“sustenere,” meaning “to uphold” (Rametsteiner et al.,, 2011). Kajikawa (2008, p.
218) notes that in the most literal sense, sustainability means “the ability to
sustain.” Authors seeking a deeper understanding of the meaning of sustainability
have undertaken lexical examinations of the word, often drawing from dictionary
entries. Note that in the following paragraphs, the term “meaning” is employed in
reference to the “sense or signification of a word” (Oxford English Dictionary,
2014).

Lele and Norgaard (1996, p. 355) argue that sustainability means “the ability to
maintain something undiminished over some time period.” This view is supported
by Marcuse (1998, p. 106), who writes that sustainability typically means “the
preservation of the status quo” - that is, by inference, the ability to maintain a

30



Chapter 3 A review of research on the sustainability of society

particular situation. Shearman (1990, p. 3) argues that the lexical meaning of
sustainability is clear, writing that the word “has been consistently used, either
pointing to the
meaning of sustainability as the ability to continue. This view may be seen to be
supported by Dempsey et al. (2011, p. 293) who write, in the context of urban
studies, that the sustainability of a community is about “the ability of society itself,
or its manifestation as local community” to “reproduce itself at an acceptable level
of functioning.” Given that “reproduce” may be interpreted as meaning “To effect
or bring about [...] again” (Oxford English Dictionary, 2014), the statement by
Dempsey et al. (2011) may be seen to suggest the meaning of sustainability as the
ability to continue. In other words, the ability to bring about some circumstance
again.

nn

explicitly or implicitly, to mean “a continuity through time,

From certain perspectives, sustainability is discussed in terms of both continuity
and maintenance. For example, Chapman (2011, p. 173) writes that in order for a
system to be sustainable “it must possess the ability to be maintained indefinitely
and must be capable of continuation ad infinitum.” Voinov (2007, p. 489)
highlights that all definitions of sustainability, regardless of their lexical form or
contextual focus, “talk about maintenance, sustenance, continuity of a certain
resource, system, condition, relationship,” supporting the ideas that sustainability
literally means the ability to sustain, and may be interpreted as meaning the ability
to maintain something or the ability to continue.

It may be seen from the above that four lexical definitions of sustainability can be
identified in the literature: (i) the ability to sustain; (ii) the ability to continue; (iii)
the ability to maintain something; and (iv) the ability to be maintained by
something. Shearman (1990) distinguishes between the lexical meaning of
sustainability, and the implicative meaning of the term. They suggest that it is not
the lexical meaning of sustainability that should be disputed, but rather the
implicative meaning that arises from the term when it is used in different contexts.
As such, it may be concluded that fundamentally, sustainability can be defined as
the ability to sustain, the ability to continue, the ability to maintain something, or
the ability to be maintained by something regardless of context.

3.1.2 Determining the value of sustainability

The lexical definitions of sustainability identified in Section 3.1.1 are general - they
make reference to sustaining/maintaining/continuing something, without
indicating what that “thing” is or how long it is to be sustained for. It may be seen
that in order to move from these abstract definitions of sustainability to a more
concrete one, humans must decide what is to be sustained, and for how long (Lele
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and Norgaard, 1996; Solow, 1993; Vos, 2007). In other words, they must specify
their sustainability objectives (Gasparatos et al., 2008; Kajikawa, 2008). At the
highest level, and from an anthropocentric perspective (discussed further in
Section 3.3.4), sustaining human society indefinitely may be viewed as the ultimate
sustainability objective (Komiyama and Takeuchi, 2006; Voinov, 2007; Beddoe et
al,, 2009). However, precisely what kind of society is a matter for considerable
debate (Parris and Kates, 2003; Kajikawa, 2008). Lele and Norgaard (1996) argue
that in deciding what specific aspects to sustain, humans must make value
judgements. In other words, as humans, what we choose to sustain over time
depends upon what we value (Chapman, 2011; Lindsey, 2011; Liu et al., 2010). In
turn, humans determine the value of entities by interpreting them, as discussed
below. Note that the term “entity” is employed in a broad sense throughout the
following discussion, referring to both tangible (e.g. physical resources and
systems) and intangible objects (e.g. functions and properties) (Reber, 2011).

According to Reber (2011, pp.95-96), value is subject to (i) situatedness, and (ii)
interpretation. Situatedness refers to the idea that “every human thought and
action is adapted to the environment where it is situated, because what people
perceive, how they conceive their activity, and what they physically do all develop
together.” Interpretation in this context refers to the notion that the value of an
entity is determined by a human on the basis of the “entity’s interpretation.” That
is, in order for a human to determine the value of an entity, they must interpret
that entity. Gero and Kannengiesser (2004, p.378) suggest that interpretation
occurs through the “interaction of sensation, perception and conception processes”
in humans. Overall, therefore, it may be seen that the determination of an entity’s
value made by a human depends largely upon (i) the situation in which that human
resides, and (ii) their interpretation of the entity in question.

In order to illustrate the influence of value on the specification of sustainability
objectives, let us consider the lexical definition of sustainability as the ability to
maintain something, in the specific context of economics. It may be seen that value
judgements require to be made on what to maintain. For example, do we wish to
maintain the process of economic growth, or the present size of the economy
(Daly, 1990a)? An economist working under the Neoclassical paradigm may value
the former option, given the paradigm’s focus on growth as a necessary goal of
economic activity (Beder, 2011). Conversely, an ecological economist may
determine the latter option to hold more value given the emergence of the “steady
state economy” as a key concept in ecological economics (Daly, 1992). From the
perspective of a citizen, perhaps it is suggested instead to maintain current living
standards (Heal, 2012), or a steady increase in wellbeing over time (Eurostat,
2011a). A wealthy citizen may value the former option, given the security of their
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own current situation. In contrast, a citizen experiencing poverty may determine
the latter option to hold more value, given the shortcomings in their own current
situation. It may be seen that further value judgements must be made regarding
the length of time over which we wish to sustain something. For example, if we
choose to maintain current living standards, do we maintain them for fifty years,
five hundred years, or indefinitely? Answers to such a question may be seen to be
at least partially dependent upon the value that present humans determine the
lives of future humans to have relative to their own (Costanza and Daly, 1992;
Marks, 2011).

Given that value is subject to situatedness and interpretation, the specific nature of
the sustainability objectives specified in a particular context depends largely upon
the decision makers involved. As such, it would be beyond the scope of this thesis
to explicitly highlight the full range of sustainability objectives described in the
literature. However, an overview of the entities commonly forming the foci of such
objectives is provided below:

e a state or situation, such as: a certain stage in a system’s life pattern
(Voinov, 2007), a desirable state or set of conditions (Maclaren, 1996), and
the health of ecosystems (Vucetich and Nelson, 2010) and people (Walter
and Stiitzel, 2009);

e an action, activity, or process, such as: all human and business activities
(Rainey, 2006), nutrient cycles (Noss, 1993), the act of fulfilling needs for
fish (Standal and Utne, 2011), the act of meeting stakeholder needs (Dyllick
and Hockerts, 2002), the process of improving human well-being (Eurostat,
2013), and the production of timber (Pearce et al., 2003);

e functions, such as: environmental functions (Ekins et al., 2003), the
functioning of ecosystems (Brown et al. 1987; Gagnon et al. 2012), and the
functioning of social systems (Gagnon et al. 2012);

e organisms and species, such as: human beings and the human species
(Brown et al., 1987), and fish populations (Gaichas, 2008);

e outcomes of social/economic activities, such as: a civilization (Vos, 2007), a
lifestyle (Heal, 2012), agrarian culture (Hansen, 1996), current living
standards (Heal, 2012), quality of life (Brown et al., 1987), subjectively
perceived well-being (Wackernagel and Yount, 1998), the value of natural
and financial capital (Vos, 2007), and utility (Daly, 1990a);

e performance metrics, such as: level of capital use (Figge and Hahn, 2005),
level of yield or catch (Pearce et al., 2003; Gaichas, 2008), system quality
(Bell and Morse, 2008), and the productivity of an agricultural system
(Conway, 1986);
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e properties/attributes of a system, such as: a socio-ecological system’s
characteristic diversity of functional groups, processes, services, and utility
(Dawson et al., 2010), adaptive capability (Holling, 2001), ecological
infrastructure (Wiersum, 1995), ecosystem food webs (Noss, 1993), the
abundance and diversity of species in an ecosystem (Gatto, 1995), and the
capacity to produce economic well-being (Solow, 1993);

e resources, such as: a firm’s economic, social, and environmental capital base
(Dyllick and Hockerts, 2002), human-made capital (Standal and Utne,
2011), land resources (Brown et al., 1987), the physical stock of non-
substitutable natural capital (Neumayer, 2003), and total natural capital
(Costanza and Daly, 1992);

e whole systems, such as: a farm (Darnhofer et al., 2010), all components of
the biosphere (Brown et al., 1987), Earth’s life support systems (Walter and
Stiitzel, 2009), ecological systems, and social systems (Figge and Hahn,
2005), and human beings (Brown et al., 1987).

With respect to the time periods over which these entities are intended to be
sustained, it may be seen in the literature that sustainability is typically discussed
in terms of either a finite or an indefinite time period. For example, Neumayer
(2003, p. 7) suggests that development may be considered to be sustainable when
“it does not decrease the capacity to provide non-declining per capita utility for
infinity.” Conversely, Larkin (1977, p. 6) argues that with respect to maximum
sustainable yield, the level of yield cannot be sustained for “more than 50 to 100
years,” further remarking that the time period “certainly isn't forever and ever.”

As highlighted in Section 3.1.1, Shearman (1990) distinguishes between the lexical
meaning of sustainability, and the implicative meaning of the term. They suggest
that the lexical meaning of sustainability, i.e. those definitions identified in Section
3.1.1, should be undisputed. In contrast, the author argues that the implicative
meaning of sustainability changes when the term is used in different contexts.
That is, the meaning that the term “sustainability” implies in the specific context
that humans are attempting to achieve it (Oxford English Dictionary, 2014). It may
be seen from the above discussion that this implicative meaning depends upon
what humans consider to be valuable sustainability objectives in a particular
context. In Section 3.3, the implicative meaning of sustainability is discussed in
greater depth.

3.2 Interpretations of the basic constitution of sustainability
It may be seen from the literature covered in Section 3.1 that there are different

interpretations of the meaning and value of sustainability depending on the
context. In the discussion on lexical definitions of sustainability provided in
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Section 3.1, sustainability was presented as an ability. That is, the ability to sustain
fundamentally constitutes an ability in the same vein as the ability to drive a car,
the ability to read, and the ability to write (although these are all qualitatively
different abilities). It would seem that the lexical definitions of sustainability as
the ability to sustain, maintain, or continue something unequivocally point to this
interpretation. However, alternative interpretations of the basic constitution of
sustainability may be seen to emerge from the literature, as discussed below.

Firstly, as suggested by the word “sustainability” per se, sustainability may be
interpreted as constituting an ability of some kind. For example, the wording of a
definition of sustainability provided by Lele and Norgaard (1996, p. 355) may be
seen to suggest the basic constitution of sustainability as an ability to maintain
something: “Shorn of specific connotations and nuances, sustainability is simply
the ability to maintain something undiminished over some time period.” Similarly,
Hansen (1996, p. 119) suggests that a certain conception of sustainability in the
context of agriculture “interprets sustainability either as an ability to fulfil a
diverse set of goals or as an ability to continue.” Likewise, Dempsey etal. (2011,
p.293) remark that sustainability “is about the ability of society itself, or its
manifestation as local community, to sustain and reproduce itself at an acceptable
level of functioning.” Finally, Kajikawa (2008, p.218) suggests that sustainability
“literally means the ability to sustain.”

It appears that sustainability may also be interpreted as constituting a process of
change. For instance, Kim and Oki (2011, p.248) remark that sustainability is a
“dynamic process that requires building resilience and an ability to manage it
wisely.” Similarly, Wahl and Baxter (2008, p.72) describe sustainability as a
“continuous process of learning and adaptation.” Voinov (2007, p.490) remarks
that, “As long as [a] system can adapt it is sustainable.” In other words, “the system
can go through change.”

Wahl and Baxter (2008, p.73) referenced above also highlight a third
interpretation of the basic constitution of sustainability: a property or attribute of
an entity*. They refer to sustainability as “an emergent property of appropriate
interactions and relationships among active participants in the complex cultural,
social, and ecological processes that constitute life in the twenty-first century.”

4 Generally speaking, a “property” and an “attribute” may be viewed as slightly different concepts. Both refer to
particular qualities of an entity; however, a property may be considered to be an intrinsic quality of an entity,
and an attribute a quality that is ascribed to an entity by humans. For instance, a person may have a certain
height as a property, and the attribute of being either tall or short. Nonetheless, in the sustainability literature
(as in other contexts), the term “attribute” appears to be used as a synonym for “property”, and thus they are
considered to have equivalent meanings here (Paper C).
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Along similar lines, Bodini (2012, p.140) remarks that sustainability “is an overall
attribute that emerges from the internal processes that characterize human-
environmental systems.” Conway (1986, p. 23) highlights sustainability among a
range of different properties of agroecosystems. They write that the complexity of
such a system “can be captured by four system properties which, together,
describe the essential behaviour of agroecosystems,” namely: “productivity,
stability, sustainability and equitability.” Finally, in the context of socio-economic
development Eurostat (2013, p.23) describe sustainability as “a property of a
system, whereby it is maintained in a particular state through time.”

Eurostat (2013) also highlight a final interpretation of the basic constitution of
sustainability: a state of an entity. For instance, in the context of flow-networks,
Goerner et al. (2009, p.77) suggest that “sustainability can reasonably be defined
as the optimal balance of efficiency and resilience,” i.e. some optimal state of the
network. In a similar vein, Heal (2012, p.153) suggests that sustainability “is a
potential dynamic equilibrium of some type”, i.e. a state of equilibrium.
Spangenberg (2011, p.275) provides further support for this interpretation,
remarking that sustainability is “a normative ethically justified utopia, describing a
state of economy, society and environment considered optimal.”

3.3 Contextualising sustainability

In Sections 3.1 and 3.2, different viewpoints on the sustainability concept that may
be identified in the literature were outlined: V1 - lexical definitions of
sustainability (Section 3.1.1); V2 - sustainability objectives, encapsulating what is
to be sustained and for how long (Section 3.1.2); and V3 - interpretations of the
basic constitution of sustainability (Section 3.2). In the following sub-sections,
these viewpoints are considered in relation to research on sustainability in various
contexts. In Section 3.3.1, different types of sustainability emerging from key
sustainability research categories are described, and it is shown that authors may
adopt different perspectives in relation to each of the above viewpoints. In Section
3.3.2, sustainable development is highlighted as among the most prolific types of
sustainability identifiable in the literature, and discussed in depth. Finally, in
Section 3.3.4, different standpoints on the significance of human beings with
respect to sustainability in the Earth system are delineated: anthropocentrism,
and non-anthropocentrism.

3.3.1 Types of sustainability

As touched upon in the introduction to this chapter, sustainability research spans
numerous sectors of society and the economy. This body of research may be
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broadly split into two major streams, each containing different categories of
research as shown in Figure 3-1:
e research on the sustainability of activities, including categories of research
on the sustainability of agriculture (e.g. Conway, 1986; Brown et al., 1987;
Hansen, 1996; Tilman et al.,, 2002; Pretty, 2008; Walter and Sttitzel, 2009;
Darnhofer et al,, 2010), business (e.g. Dyllick and Hockerts, 2002; Hart and
Milstein, 2003; Figge and Hahn, 2005; Rainey, 2006; Hahn and Figge, 2011;
Lo, 2010), design (e.g. Wahl and Baxter, 2008; Chapman, 2011; Gagnon et
al,, 2012), development (e.g. WCED, 1987; Wackernagel and Yount, 1998;
Holling, 2001; Vos, 2007; Burger and Christen, 2011; Vucetich and Nelson,
2010; Eurostat, 2011a; UNDP, 2011), fishing (e.g. Larkin, 1977; Gaichas,
2008; Standal and Utne, 2011; Norse et al., 2012), forest use (e.g. Noss,
1993; Wiersum, 1995; Pearce et al,, 2003; Hahn and Knoke, 2010), and yield
production (e.g. Larkin, 1977; Gaichas, 2008); and
e research on the sustainability of systems, including categories of research on

the sustainability of complex systems (Holling, 2001; Voinov, 2007; Goerner
et al., 2009; Dawson et al., 2010; Bodini, 2012), economies (e.g. Costanza
and Daly, 1992; Solow, 1993; Brown and Ulgiati, 1997; Ekins et al., 2003;
Neumayer, 2003), ecosystems (e.g. Brown et al., 1987; Gatto, 1995; Goerner
et al., 2009), organisms (e.g. Costanza and Daly, 1992), society as a whole
(e.g. Brown et al., 1987; Dempsey et al,, 2011), and urban areas (e.g.
Maclaren, 1996; Dempsey et al., 2011).

Note that the term “activity” is interpreted here as some goal-directed physical or

cognitive action (Boyle et al., 2009), and the term “system” as a “set or assemblage

of things connected, associated, or interdependent, so as to form a complex unity”

(Oxford English Dictionary, 2014). The nature of activities and systems is explored

in depth in Chapter 6.

Given the size of the sustainability literature as indicated in the introduction to this
chapter, the two streams of sustainability research presented here are not
intended to be comprehensive in their coverage of distinct categories of research.
For instance, it may be seen that certain research categories presented here can be
viewed as sub-categories of others. In particular, design may be thought of as a
sub-activity of business, as may production, depending upon the nature of what is
being produced. Conversely, business may be viewed as a necessary sub-activity in
the activities of agriculture, forest use, fishing, and production. Similarly, an urban
area may be viewed as a sub-system of society, and an organism as a sub-system of
an ecosystem. Additionally, sustainability has been studied by researchers in areas
such as tourism and health, which are not explicitly covered in this thesis. As such,
the research categories presented here are rather intended to represent those that
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emerge most prominently from the literature as key focus areas of sustainability
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Figure 3-1: Major streams and categories of sustainability research identifiable in the
literature

Emerging from the research categories outlined in Table 3-1 are context-specific
types of sustainability. A selection of these types is illustrated in Figure 3-3. It
should be noted that this figure does not represent the output a systematic
literature review, but is rather a visual summary of the author’s analysis of the
literature sample described in the introduction to Chapter 3. A type of
sustainability is considered here to represent a specific conception of
sustainability developed within a particular research category and explicitly
named in the literature. It may be seen in Figure 3-3 that certain types of
sustainability overlap two research categories. For instance, sustainable business
development may be viewed as emerging from both the business and development
research categories (Rainey, 2006). Such overlap may be seen to reflect the multi-,
inter-, and trans-disciplinary characteristics of the sustainability concept and
sustainability research (Kajikawa et al., 2007; Kajikawa, 2008). As shown in Table
3-1 and illustrated in Figure 3-2, each type may be characterised with respect to
the three viewpoints outlined in Sections 3.1 - 3.2, i.e. V1 (Section 3.1.1), V2
(Section 3.1.2); and V3 (Section 3.2). A selection of sustainability types identifiable
in the literature is presented in Table 3-1. The full literature sample used as a
basis to construct Figure 3-3 and Table 3-1 is presented in Table A5- 1 in Appendix
5A, alongside examples of the definitions/explanations considered. Appendix 5B
presents an excerpt from the analysis that led to identification of the three
viewpoints and associated perspectives in Figure 3-2, as well as the sustainability
types presented in Figure 3-3 and Table 3-1.
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Figure 3-2: Three conceptual viewpoints on sustainability identifiable in the literature,
along with different perspectives that may be adopted in relation to each

It may be seen in Table 3-1 that authors discussing types of sustainability in the
literature may adopt different perspectives in relation to the three viewpoints
(illustrated in Figure 3-2). Firstly, whilst two types of sustainability may be
referred to by similar terms in the literature and emerge from the same research
category, they may be classed as distinct types in this thesis. For instance, in
Figure 3-3 the types “sustainable agriculture” and “agricultural sustainability” are
described in similar terms, with one appearing to simply represent the lexical
inverse of the other. However, authors discussing these two types of sustainability
(Table 3-1) may adopt different perspectives with respect to the viewpoints
outlined above. For example:

e Agricultural sustainability is described by Conway (1986, p.23) as “the
ability of a [agricultural] system to maintain productivity in spite of a major
disturbance such as is caused by intensive stress or a larger perturbation.”
From this, it may be inferred that: (i) the lexical definition underlying
agricultural sustainability in this case is the ability to maintain something;
(ii) the sustainability objective is to maintain the productivity of a system
indefinitely; and (iii) sustainability is interpreted as being an ability.
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e Tilman etal. (2002, p.671) “define sustainable agriculture as practices that
meet current and future societal needs for food and fibre, for ecosystem
services, and for healthy lives, and that do so by maximizing the net benefit
to society when all costs and benefits of the practices are considered.”

From this, it may be inferred that: (i) the lexical definition underlying
sustainable agriculture is the ability to continue; (ii) the sustainability
objective is to continue satisfying human needs indefinitely; and (iii)
sustainability is interpreted as being an ability.
Thus, although Conway (1986) and Tilman et al. (2002) are classified in the same
research category, and both appear to interpret sustainability as an ability, they
may be seen to adopt different perspectives with respect to the lexical definition of
sustainability and sustainability objectives. As such, agricultural sustainability and
sustainable agriculture are considered here as representing two distinct
conceptions of sustainability.

Secondly, in certain cases authors were observed to discuss the same type of
sustainability, but provide different perspectives with respect to certain
viewpoints. For example, Brown et al. (1987), Rainey (2006), and Spangenberg
(2011) were all observed to discuss global sustainability. Although their
perspectives with respect to several viewpoints are not clear from the definitions
they provide, it can be seen that their sustainability objectives differ with respect
to the entity being sustained:

e Brown etal. (1987, p.717) provide three progressively broadening
definitions of global sustainability: (i) “the indefinite survival of the human
species across all regions of the world”; (ii) “virtually all humans, once born,
live to adulthood and that their lives have quality beyond mere biological
survival”; and (iii) “the persistence of all components of the biosphere, even
those with no apparent benefit to humanity.” From this, it may be inferred
that: (i) the human species is to be sustained; (ii) the human species and
quality of life is to be sustained; and (iii) the whole Earth system is to be
sustained.

e Rainey (2006, p.33) remarks that “[the] notion of “sustainability” usually
implies that all human and business activities are carried out at rates equal
to or less than the Earth's natural carrying capacity to renew the resources
used and naturally mitigate the waste streams generated.” From this, it
may be inferred that all human and business activities are to be sustained.

e Spangenberg (2011, p.275) define sustainability as “a normative ethically
justified utopia, describing a state of economy, society and environment
considered optimal.” From this, it may be inferred that some state of the
economy, society, and environment is to be sustained.
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literature sample presented in Appendix 5 (60 sources)
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Similarly, both Conway (1986) and Hansen (1996) were seen to discuss
agricultural sustainability, but provide different perspectives on the basic
constitution of sustainability (i.e. V3):

e Ashighlighted above, Conway (1986, p.23) defines agricultural
sustainability as “the ability of a [agricultural] system to maintain
productivity in spite of a major disturbance such as is caused by intensive
stress or a larger perturbation.” Additionally, the author includes
sustainability in a list of system properties that “describe the essential
behaviour of agroecosystems.” From this, it may be inferred that
sustainability is interpreted as both an ability and a property of a system.

e Hansen (1996) highlights two major perspectives on the basic constitution
of sustainability identifiable in the literature on agricultural sustainability:
(i) “sustainability as an ideological or management approach to
agriculture”; and (ii) “sustainability interpreted as a property of
agriculture” (Hansen, 1996, p.117). With respect to the latter, they further
remark that “[the] system-describing concept interprets sustainability
either as an ability to fulfil a diverse set of goals or as an ability to continue”
(Hansen, 1996, p.119). From this, it may be inferred that sustainability is
interpreted as an ability, a process of change (i.e. via management), and a
property of a system.

Finally, the above discussion highlights that individual authors may provide
multiple perspectives with respect to the same viewpoint. For instance, it is shown
above that Conway (1986) interprets the basic constitution of sustainability as
both an ability and a property of a system. In a similar vein, Wahl and Baxter
(2008, pp.72-82) may be seen to interpret the constitution of sustainability as both
“an emergent property” and “a process of coevolution and co-design” (i.e. a process
of change). As discussed in Section 3.1.1, certain authors may be seen to discuss
the lexical definition of sustainability in terms of both continuation and
maintenance. This is evident in Table 3-1, where it may be seen that several
authors consider sustainability to mean (from a lexical point of view) both the
ability to continue and the ability to maintain something. For example:

e Wackernagel and Yount (1998, p.513) define regional sustainability as “the
continuous support of human quality of life within a region's ecological
carrying capacity.” They elaborate on this definition, remarking that “we
mean that people's subjectively perceived well-being [...] must be at least
maintained (or possibly improved, in the case of the poor).”

e Ekinsetal. (2003, pp.172-173) define environmental sustainability as “the
maintenance of important environmental functions and therefore, the
maintenance of the capacity of the capital stock to provide those functions.”
In turn, they remark that from an anthropocentric point of view, “what
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matters about the environment is not particular stocks of natural capital
per se, but the ability of the capital stock as a whole to be able to continue to
perform the environmental functions which make an important
contribution to human welfare.”

e Pearce etal. (2003, p.229) remark that sustainable timber management
“implies taking steps to ensure forests continue to produce timber in the
longer-term, while maintaining the full complement of environmental
services and non-timber products of the forest.”

Hannon and Callaghan (2011, p.877) suggest that there may be “confusion over the
basic concepts of sustainability,” resulting in what they term a “sustainability fog”
for those attempting to understand sustainability. Indeed, as shown in the above
paragraphs, authors discussing types of sustainability in the literature may be seen
to adopt different perspectives in relation to the three viewpoints outlined in
Sections 3.1 and 3.2, i.e.: (i) lexical definitions of sustainability; (ii) sustainability
objectives; and (iii) interpretations of the basic constitution of sustainability.

Given that these viewpoints focus on basic conceptual aspects of sustainability, this
may be seen to support the observations made by Hannon and Callaghan (2011) to
some extent. However, with respect to V1, it may be seen that the terms sustain,
continue, and maintain are essentially synonymous. For example, the Oxford
English Dictionary (Oxford English Dictionary, 2014) defines “sustain” as, “To
support, maintain, uphold.” In turn, “maintain” is defined as, “To continue in,
preserve, retain [...] in spite of disturbing influences.” Finally, “continue” is defined
as to “carry on, keep up, maintain, go on with, persist in.” Thus, although authors
may choose different terms to describe the lexical definition of sustainability, it
appears that the same basic meaning is being conveyed in each case. With respect
to V2, it was shown in Section 3.1.2 that humans specify sustainability objectives
by making value judgements regarding what to sustain in a particular context and
for how long (Lele and Norgaard, 1996; Liu et al., 2010; Chapman, 2011). In turn,
the value that humans determine an entity to have depends largely upon the
situation in which they reside, and their interpretation of that entity (Reber, 2011).
Thus, it is suggested that differences in perspectives on lexical definitions (V1) and
sustainability objectives (V2) reflect differences in the backgrounds, values, and
worldviews of decision makers, rather than a lack of conceptual clarity with
respect to sustainability.
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Table 3-1: A selection of different types of sustainability emerging from research on the
sustainability of activities and systems>

Types Objective Lexical Interpretation | Source
E T definition
Agricultural Per ID M A; P Conway, 1986
sustainability N/C N/C | N/C A; P; Prc Hansen, 1996
Biological sustainability Sys F C A Costanza and Patten,
1995
Corporate sustainability | AAP ID C A Dyllick and Hockerts,
2002
Economic sustainability P/A ID M A Solow, 1993
Environmental F ID C; M A Ekins et al.,, 2003
sustainability
(economics)
Flow-network P/A ID N/C S Goerner et al., 2009
sustainability
Global sustainability 0; ID C A Brown et al.,, 1987
Org;
Sys
AAP ID N/C S Rainey, 2006
N/C ID N/C P; Prc Wahl and Baxter, 2008
S/S ID N/C S Spangenberg, 2011
Maximum sustained yield | Per F C A Larkin, 1977
Regional sustainability 0 ID GM A Wackernagel and
Yount, 1998
Strong sustainability R ID M A Daly, 1990b;
Costanza and Daly,
1992
Sustainability of F;Sys | ID C A Dempsey etal., 2011
community
Sustainable socio- P/A ID C; M A Dawson et al., 2010
ecological systems
Sustainable agriculture AAP ID C A Tilman et al.,, 2002
Sustainable development | AAP ID C A WCED, 1987
Sustainable development | P/A ID M A Holling, 2001
(complex adaptive
systems)
Sustainable development | P/A ID M A Neumayer, 2003
(economics)
Sustainable human 0 ID C A UNDP, 2011
development
Sustainable timber AAP; ID C; M A Pearce etal., 2003
management O; R
Sustainable yield Per ID C; M A Gaichas, 2008
Urban sustainability S/S ID C S Maclaren, 1996
Weak sustainability R ID M A Costanza and Daly,
1992

5 A = ability; AAP = an action, activity, or process ; C = ability to continue; E = entity; F = finite timescale; F =
function; ID = indefinite timescale; M = ability to maintain something; N/C = not clear from author’s stated
definition/explanation; O = outcomes of social/economic activities; P = property; P/A = properties/attributes
of a system; Per = performance metrics; Prc = process of change; R = resources; S = state of an entity; S/S=a
state or situation; Sys = whole systems; T = timescale.
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3.3.2 Sustainable development

Sustainable development may be viewed as among the most prolific types of
sustainability highlighted in Figure 3-3/Table 3-1 in Section 3.3.1 (Quental et al,,
2010; Quental and Lourenco, 2011). As mentioned in the introduction to Chapter
3, sustainable development was originally defined by the WCED in the seminal
publication Our Common Future, as: “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs” (WCED, 1987). With respect to achieving sustainable development,
Eurostat (2013, p.23) argue that the focus is on “sustaining the process of
improving human well-being.” Thus, it may be seen that the sustainability
objective in a development context is to sustain the process of improving human
well-being indefinitely. However, as noted by Kajikawa (2008, p.218), this
objective diffuses into objectives such as “environmental conservation” and
“economic development.” That is, the maintenance of basic entities required for
the continued improvement of human well-being within the Earth system, such as
natural resources and manufactured capital, as well as economic production per se
(Costanza and Daly, 1992; Solow, 1993; Daly, 1992; Ekins et al., 2003; Ekins, 2011).
Hahn and Figge (2011, p.325) highlight that this triad of environmental, economic,
and social concerns is commonly referred to as the “three pillars” of sustainable
development (Dalal-Clayton and Bass, 2002; Kemp and Martens, 2007; Heijungs et
al,, 2010). Certain authors note that the three pillars were not explicitly defined by
the WCED in Our Common Future (Dawson et al.,, 2010; Klopffer and Ciroth, 2011),
being developed later in a series of international declarations on sustainable
development (UNDP, 2011).

The concept of sustainable development may be seen to be adopted as the basis for
definitions of sustainability in contexts other than socio-economic development.
For example, Tilman et al. (2002, p.671) define sustainable agriculture as:
“practices that meet current and future societal needs for food and fibre, for
ecosystem services, and for healthy lives, and that do so by maximizing the net
benefit to society when all costs and benefits of the practices are considered.” This
may be seen to mirror the definition of sustainable development provided by the
WCED to some extent, making reference to the continued satisfaction of human
needs but in an agricultural context. Similarly, in a business context, Dyllick and
Hockerts (2002, p.131) define corporate sustainability as “meeting the needs of a
firm’s direct and indirect stakeholders (such as shareholders, employees, clients,
pressure groups, communities etc), without compromising its ability to meet the
needs of future stakeholders as well.” The authors explicitly cite Our Common
Future as the basis for their definition.
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The influence of the sustainable development concept on sustainability definitions
in other contexts is such that in certain cases, it appears that “sustainable
development” is wholly equated with “sustainability.” For instance, Walter and
Stiitzel (2009, p.1275) above explain that they “use the terms ‘sustainable
development’ and ‘sustainability’ synonymously.” Similarly, Todorov and
Marinova (2011) appear to use the two terms in equivalent senses throughout
their review of approaches to modelling sustainability. Kajikawa (2008, p.218)
remarks that “the concept of sustainable development or sustainability represents
an attempt to link the environment with development.” Going one step further,
Bettencourt and Kaur (2011, p. 19544) completely exclude definitions of
sustainability that refer solely to “the general continuation or maintenance of a
process” in their review of the structure and evolution of sustainability science.

In contrast with the authors referenced above, others appear to distinguish
sustainability from sustainable development. For example, Kajikawa et al. (2007,
p.222) argue that, “While sustainable development is associated with the human
exploitation of nature, “sustainability” does not include such a connotation. In fact,
the meaning of sustainability depends on the context, in which it is applied.”
Similarly, in their work on sustainability indicators, Bell and Morse (2008, p.5)
provide the following discussion on sustainable development and sustainability:

“..since it is the ‘sustainable’ part of sustainable development which particularly
interests us, we have tended to refer to ‘sustainability’ in a generic sense, and our
discussions of sustainability could be employed to anything that has sustainable as an
adjective. Therefore, the same broad points we make apply to sustainable
agriculture, sustainable coastal zones, sustainable cities, sustainable communities,
and sustainable organizations and institutions [...]. This may appear to be rather
cavalier; but ‘sustainable’ in each case refers to much the same, although the detail
can be quite different. Taking sustainability in a broad sense allows us to compare
and contrast facets of application across these domains, and to apply lessons from
one arena to another.”

These remarks appear to suggest that sustainable development is simply one
application of the sustainability concept. This perspective may be seen to be
implicit in references to the “sustainability of development” made by a number of
authors in the literature. For example:
e Barbier (1987, p.108) writes of the need for “appropriate applied analysis
of the sustainability of development projects and policies at the local,
regional, and sectoral, levels.”
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e In Our Common Future, the WCED remark that, “The sustainability of
development is intimately linked to the dynamics of population growth”
(WCED, 1987, p.55).

e In Agenda 21, the United Nations argue that a failure to holistically consider
environmental, economic, and social concerns in national decision making
“influences the actions of all groups in society, including Governments,
industry and individuals, and has important implications for the efficiency
and sustainability of development” (United Nations, 1992, p.245).

e Finally, Scerri and James (2009, p.228) describe how certain social themes
can “provide a background to qualitatively assessing, and community self-
assessing, the sustainability of ‘development’ over time.”

As highlighted in Section 3.3.1, Hannon and Callaghan (2011, p.877) conclude that
there may be “confusion over the basic concepts of sustainability,” resulting in
what they term a “sustainability fog” for those attempting to understand
sustainability. It was suggested in Section 3.3.1 that differences in the perspectives
adopted by authors in relation to key conceptual viewpoints on sustainability
support this conclusion to some extent. Given the conflicting views outlined above,
it seems that there may also be confusion, in certain spheres at least, over the
differentiation of sustainable development from other types of sustainability and
the concept of sustainability per se.

3.3.3 Eco-efficiency and eco-effectiveness

Fundamental to the overarching socio-economic development process discussed in
Section 3.3.2 are the processes of economic consumption and production (OECD,
1997). That is, the consumption and production of economic goods and services.
The inception of the sustainable development concept in 1987 intensified debates
regarding the sustainability of economic activity in the Earth system started by the
likes of Hardin (1968), Georgescu-Roegen (1971), Meadows et al. (1972), and Daly
(1992). Generally speaking, research on the sustainability of consumption and
production may be understood in terms of two distinct but related concepts,
namely: (i) eco-efficiency; and (ii) eco-effectiveness. These are briefly outlined in
the following paragraphs.

The production and consumption of a product is typically considered to involve
four key stages known as the life cycle, which are discussed further in Chapter 4:
(i) extraction and processing of the raw materials required to make the product;
(ii) manufacturing and transportation of the product; (iii) use of the product to
carry out functions; and (iv) disposal or recycling of the product’s constituent parts
and materials (Lindahl, 2001; Stasinopoulos et al., 2009). Recent decades have
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seen a growing consensus that all of these stages have impacts upon supporting
ecosystems that must be managed to ensure the environmental sustainability of
the process (Braungart and McDonough, 2008; Stasinopoulos et al.,, 2009). Both
eco-efficiency and eco-effectiveness may be viewed as strategies for managing
these impacts; however, proponents of each may be considered to differ
fundamentally in their perspectives on how impacts should be managed, as
discussed below.

The notion of eco-efficiency emerged from the 1992 Rio Earth Summit, in response
to growing concerns among industrialists over the possibility of environmental
limits to production activities in the Earth system (United Nations, 1992;
Braungart and McDonough, 2008). According to Wang and Coté (2011, p.65), eco-
efficiency centres on “creating more goods and services while using fewer
resources and creating less waste and pollution.” In other words, improving the
efficiency of production from an ecological perspective (OECD, 1998), or “doing
more with less” (Braungart and McDonough, 2008, p.51). The concept is typically
associated with what may be termed a cradle-to-grave view of the life cycle; that is,
resource consumption and waste production should be reduced at all stages, from
materials extraction (the cradle of production) to disposal (the grave of products)
(Braungart and McDonough, 2008). The implementation of eco-efficiency may be
understood in terms of what are commonly termed the three Rs: reduce, as
discussed above, reuse, and recycle. Reuse and recycling of product components
and materials, particularly at the end-of-life stage but also during earlier stages
(e.g. manufacturing) are considered as a means to reduce levels of waste
(Braungart and McDonough, 2008; Chapman, 2011; Wang and C6té, 2011).

The notion of eco-efficiency has received significant criticism in recent years,
perhaps most notably from Braungart and McDonough (2008). The basis of this
criticism is the argument that eco-efficiency essentially focuses on making a “bad”
system of production “less bad.” Braungart and McDonough (2008, p.65) suggest
that “efficiency has no independent value: it depends on the value of the larger
system of which it is a part.” That is, improving the efficiency of a system that is
considered to have destructive effects in the first place may simply “make
destruction more insidious.” As a solution to this issue, the authors outline the
concept of eco-effectiveness. That is, “working on the right things” rather than
“making the wrong things less bad.” Efficiency is presented as a valuable tool, but
only when “implemented as a tool within a larger, effective system that intends
positive effects.” From this perspective, eco-efficiency and eco-effectiveness may
be viewed as compliments (Abukhader, 2008; Wang and C6té, 2011). Nonetheless,
Abukhader (2008) notes that implementation of eco-effectiveness remains limited
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in comparison to eco-efficiency, which has been broadly applied to a range of
products and production processes.

Eco-effectiveness is associated with what is known as a cradle-to-cradle view of
the life cycle (Braungart and McDonough, 2008; Wang and C6té, 2011). As
discussed above, the cradle-to-grave view associated with eco-efficiency
prescribes that waste should be reduced at all stages of the life cycle. In contrast,
the cradle-to-cradle view is founded on the observation that in natural systems,
“waste equals food.” In other words, all waste produced is consumed as a resource
and as such, the human conception of “waste” does not truly exist (Abukhader,
2008; Braungart and McDonough, 2008). The cradle-to-cradle view may be
considered to form the basis of the circular economy concept (Ellen MacArthur
Foundation, 2013). According to Kajikawa (2008, p.226), a circular economy is “a
mode of economic development based on the ecological circulation of natural
materials.” Braungart and McDonough (2008, p.104) highlight two cycles
underlying economic activity in the Earth system: the biological metabolism, i.e.
“the cycles of nature,” and the technical metabolism, i.e. “the cycles of industry,
including the harvesting of materials from natural places.” The basic principle of a
circular economy is products are “composed of either materials that biodegrade
and become food for biological cycles, or of technical materials that stay in closed-
loop technical cycles” (Braungart and McDonough, 2008, p.104).

3.3.4 Anthropocentric and non-anthropocentric sustainability

It may be concluded from the discussion in Sections 3.3.2 and 3.3.3 that people are
at the heart of the sustainable development concept. The focus is on sustaining
those aspects of society and the wider Earth system that are considered to be
essential for the continued well-being of humans within the Earth system (Solow,
1993; Kajikawa, 2008; Eurostat, 2013). Indeed, Kajikawa et al. (2007, p.222) argue
that “sustainable development is associated with the human exploitation of
nature.” However, Solow (1993, p.167) states that discussion of sustainability is
often “an occasion for the expression of emotions and attitudes.” Along these lines,
it should be noted that with respect to sustainability in the Earth system, two
different perspectives may be adopted on the significance of people: (i) an
anthropocentric perspective; and (ii) a non-anthropocentric perspective (Williams
and Millington, 2004; Voinov, 2007; Vucetich and Nelson, 2010), as discussed
below.

In the literature, anthropocentrism and non-anthropocentrism may be discussed

in relation to the economic conceptions of weak and strong sustainability
(Williams and Millington, 2004), which are included as sustainability types in
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Table 3-1 (Section 3.3.1). Ekins (2011, p. 632) delineates the relationship between
capital and human wellbeing in economics: “capital stocks provide a flow of goods
and services, which contribute to human wellbeing.” Underlying sustainability
research in economics is the idea that in addition to manufactured capital, natural
capital - that is, natural resources - also contributes to human wellbeing (Daly,
1992; Meadows, 1998; Ekins et al.,, 2003; Derissen et al., 2011; Ekins, 2011). Four
types of capital may be identified in the literature:

e Natural capital “consists of the stocks and flows in nature from which the
human economy takes its materials and energy (sources) and to which we
throw those materials and energy when we are done with them (sinks)”
(Meadows, 1998, p.x). That is, “the matter of the planet, the sun’s energy,
the bio-geochemical cycles, the ecosystems and the genetic information
they bear, and the human being as an organism” (Meadows, 1998, p.42).

e Manufactured capital, also known as built capital, consists of “tools,
machines, factories” and also “processed material and energy” (Meadows,
1998, p.41).

e Human capital may be viewed as “educated, skilled, experienced, and
healthy people” (Goodland, 1995, p.15). Meadows (1998, p.41) highlights
“skilled labor” as an example of human capital.

e Social capital is considered to include aspects such as “health, wealth,
knowledge, [and] leisure” (Meadows, 1998, p.43). Goodland (1995, p.15)
states that human capital “is largely lost at the death of individuals, and so it
must be renewed each generation, whereas social capital persists in the
form of books, knowledge, art, family, and community relations.” This may
be seen to indicate that human capital pertains to individual people, and
social capital to people collectively.

To a certain extent, human, manufactured, and social capital may act as substitutes
for natural capital that is depleted in order to support society and ensure
continued wellbeing (Daly, 1990a). The notions of weak and strong sustainability
fundamentally differ with respect to the degree of substitutability afforded among
these different types of capital, particularly natural and manufactured capital
(Goodland, 1995; Ekins 2011; Chen et al., 2012):

e Weak sustainability “is maintaining total capital intact without regard to the
partitioning of that capital among the four kinds” (Goodland, 1995, p.15). In
particular, manufactured and natural capital are typically considered to be
perfect substitutes for one another (Daly, 1990b; Ramos and Caeiro, 2010),
leading certain authors to term weak sustainability the “perfect
substitutability paradigm” (Garmendia et al., 2010). According to Ekins
(2011, p. 633), this assumption originates from the belief that well-being “is
not normally dependent on a specific form of capital” and may therefore be
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ensured in the face of natural capital depletion by substituting
manufactured capital for natural capital. A central tenet of weak
sustainability is the belief that through creativity and innovation, humans
will develop technological substitutes for irreversibly depleted natural
capital, and the rising price of increasingly scarce resources will slow rates
of consumption (Phillis et al. 2010; UNDP 2011).

e Strong sustainability “requires maintaining separate kinds of capital”
(Goodland, 1995, p.15). In particular, Ekins (2011, p. 633) highlights the
belief among strong sustainability advocates that “substitutability of
manufactured for natural capital is seriously limited by such environmental
characteristics as irreversibility, uncertainty and the existence of ‘critical’
components of natural capital, which make a unique contribution to
welfare.” That is, whilst certain forms of manufactured capital may be
substituted for certain types of natural capital (although according to Daly,
(1990a), examples in this respect are limited), there are certain forms of
natural capital that have no artificial substitutes with respect to human
well-being. The United Nations Development Programme suggests the
atmosphere as an example of such a resource, remarking that “the
accumulation of physical or other kinds of capital cannot compensate for
Earth’s warming” (UNDP 2011, p. 15). Thus, a central assumption of strong
sustainability is that “natural and human-made capital are not perfect
substitutes” (Goodland 1995, p.15). Rather, they may be viewed as
complements (Daly, 1990a; Goodland, 1995). For example, Goodland
(1995, p.16) argues that “[a] sawmill (human-made capital) is worthless
without the complementary natural capital of a forest.” Furthermore, a
sawmill clearly cannot be substituted for a depleted forest.

Williams and Millington (2004) suggest that weak sustainability aligns with an
anthropocentric perspective on the relationship between society and the
environment. They position strong sustainability, on the other hand, as aligning
with a non-anthropocentric perspective on this relationship. Vucetich and Nelson
(2010, p.540) present the difference between anthropocentrism and non-
anthropocentrism in sustainability research as a dichotomy: “Does human need
define ecosystem health, or does ecosystem health define the limits of human
need?” In this respect, Williams and Millington (2004, pp.101-102) argue that
proponents of weak sustainability “focus on the resource-side of the equation so as
to conjoin resources and demands” through, for example, technological
development. Adopting the terminology of Vucetich and Nelson (2010) above,
compromised ecosystem health in the form of e.g. depleted resources is acceptable,
as long as human demands continue to be met. In contrast, Williams and
Millington (2004) argue that advocates of strong sustainability “focus upon
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changing the demands made on the Earth,” which may involve “rethinking our
attitude towards nature as well as our view of economic progress and
‘development.” In other words, humans must alter their needs and wants to
preserve ecosystem health. The authors suggest that this perspective is motivated
by a belief that nature has “a right to remain unmolested that does not require
justification in human terms - just as there are inalienable ‘human rights’ that
require no justification.” The sustainability problem facing society is essentially
reduced to the idea that “these biotic rights are not currently being respected.” In
reality, Williams and Millington (2004, p. 101) suggest that weak and strong
sustainability represent “a spectrum of contrasting perspectives rather than an
either/or dualism.” Thus, it is possible to adopt a position somewhere between
weak and strong sustainability, i.e. to tend towards “weaker” or “stronger”
sustainability.

In the above paragraphs, it may be seen that from an anthropocentric perspective,
natural resources should be maintained because they are instrumental to the
continued operation of human activities and society. In contrast, from a non-
anthropocentric perspective, natural resources should be maintained out of
respect for their “biotic rights,” or for their intrinsic value. The majority of the
definitions associated with the sustainability types presented in Table 3-1, Section
3.3.1 (Appendix 5A) explicitly focus on people, society, and/or human activities
and thus, may be viewed as anthropocentric to some degree. Voinov (2007, p.495)
states that: “By definition, sustainability is all about livelihood for humans as part
of the ecosystem. We do not talk about sustainability of ecosystems in the absence
of humans.” Echoing these sentiments, Jamieson (1998, p.184) remarks that it is
“human survivability and well-being that ultimately matter” with respect to
sustainability - “nature enters the picture only as a means.” Given that the
research documented in this thesis focuses on the sustainability of technical
systems, i.e. anthropogenic systems enabling human activities (Hubka and Eder,
1988) (discussed further in Chapter 4), an anthropocentric perspective on
sustainability will be adopted throughout.

3.4 Sustainability goals for human activities and systems

In Sections 3.1 and 3.2, different viewpoints on the sustainability concept that may
be identified in the literature were outlined. In Section 3.3, an overview of
different types of sustainability emerging from the literature was presented,
highlighting the different perspectives that may be adopted by authors in relation
to each of the aforementioned viewpoints. It was also shown that sustainability
may be considered from both an anthropocentric and a non-anthropocentric
perspective (Williams and Millington, 2004). An anthropocentric perspective on
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sustainability is adopted throughout this thesis owing to the focus of the work on
technical systems, i.e. anthropogenic systems enabling human activities (Hubka
and Eder, 1988). However, before the literature on sustainability in a technical
systems context is reviewed in Chapter 4, the next two sections in this chapter
focus on the realisation of sustainability in a human context generally. That is, how
sustainability may be achieved (Section 3.4) and assessed (Section 3.5) in the
context of human activities and systems.

As shown in Section 3.2, one interpretation of sustainability is as a process of
change. Related to this interpretation is the notion of what may be termed a
“sustainability transition” in the literature. That is, the process involved in
practically shifting human activities and systems towards sustainability (Clark and
Dickson, 2003; Parris and Kates, 2003; Quental et al., 2010), whatever this
overarching goal may represent (given the different sustainability types outlined
in Section 3.3.1). From a human perspective, this transition is typically facilitated
through the formulation and implementation of sustainability goals (Maclaren,
1996; Parris and Kates, 2003; Jordan et al., 2010; Quental et al., 2011; Eurostat,
2013). According to Parris and Kates (2003, p.8068), sustainability goals are
“broad, qualitative, statements about objectives.” As discussed in Section 3.1.2,
humans specify sustainability objectives encapsulating what is to be sustained and
for how long. Thus, sustainability goals may be viewed as statements about these
objectives. That is, statements about what is required in order to sustain the
chosen entity over the intended timescale.

As discussed in Section 3.1.2, although sustaining human society per se indefinitely
may be viewed as the ultimate sustainability objective in a human context
(Komiyama and Takeuchi, 2006; Voinov, 2007; Beddoe et al., 2009), precisely what
kind of society is a matter for considerable debate (Parris and Kates, 2003;
Kajikawa, 2008). In turn, a broad range of different entities may be seen to form
the foci of sustainability objectives in the literature, including both tangible and
intangible entities. Consequently, the specific nature of sustainability goals for
human activities and systems may vary with context (Kajikawa, 2008).
Nonetheless, sustainability goals identifiable in the literature may be broadly split
into two types, formulated from different viewpoints. Vucetich and Nelson (2010,
p.540) highlight that the “relationship between the environment and society” is
central to the sustainability issues facing society. They argue that this relationship
“involves a physical aspect [...] and an ethical attitude.” Accordingly, as shown
below, sustainability goals may be formulated from two viewpoints on
sustainability and human society: (i) a physical viewpoint, considering what we
physically can and cannot sustain given the natural laws and limits of the Earth
system (Daly, 1990a,b; UNEP, 2012); and (ii) an ethical viewpoint, considering
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what we should and should not sustain given the moral/social standards of human
beings (Marcuse, 1998; Rametsteiner et al,, 2011). Examples of sustainability goals
formulated from each of these two viewpoints are presented and discussed in turn
in the following paragraphs.

A broadly-applicable set of physical sustainability goals may be seen to derive from
the notion that the “Earth System provides the basis for all human societies and
their economic activities” in the form of resources and waste processing capacity
(UNEP, 2012, p.xviii). In other words, the continuation of all human activities and
systems within the Earth system is fundamentally dependent upon the availability
of resources and the mitigation of waste (Daly, 1990a,b; Meadows, 1998; Rainey,
2006). Accordingly, as touched upon above, physical sustainability goals are
typically determined by the natural laws and limits of the Earth system with
respect to these aspects (Daly, 1990a,b; Odum, 1994; Brown and Ulgiati, 1997;
UNEP, 2012). For instance, the renewability of resource stocks may be viewed as
the basis for defining resource-focused sustainability goals (Daly, 1990a). That is,
the degree to which stocks can be renewed over a certain timescale (Meadows,
2008). In the context of anthropocentric sustainability, renewability may be
considered with respect to anthropological timescales of thousands of years (Daly,
1992). To illustrate the concept of renewability, a stock of resources being
consumed by a human activity is represented in Figure 3-4. The movement of the
stock level over time depends on the relative rates of activity resource
consumption and stock regeneration. In this respect, four possible cases are
illustrated, i.e. (a) - (d). As shown below, these cases relate to basic physical
sustainability goals identifiable in the work of ecological economist Herman Daly
(1990a, 1992).

Case (a) - depletion of non-renewable resource stocks: Daly (1990a, p.2) states that
non-renewable resources “cannot be maintained intact short of nonuse.” That s,
since they are not believed to regenerate significantly along anthropological
timescales of thousands of years (Daly, 1992), depletion of non-renewable
resource stocks may be considered to be irreversible. This is illustrated in case (a)
in Figure 3-4, where the stock is depleted from its initial level (L1) to L2 as it is
consumed over time, and is not regenerated. Since human activities and systems
are dependent on resources for their continued operation as highlighted by UNEP
(2012), the use of non-renewable resources should be minimised, ideally to zero.
Thus, minimise non-renewable resource use may be viewed as a basic physical
sustainability goal for society (Keoleian and Menerey, 1994; Coelho et al., 2012).
However, certain authors in an economics context propose an alternative goal for
non-renewable resource use: consume non-renewable resources no faster than the
rate at which renewable substitutes are developed (Daly, 1990a; Goodland, 1995).
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This may be seen to directly relate to the notions of weak and strong sustainability
and the issue of substitutability, discussed in Section 3.3.4.

Cases (b), (c), and (d) - depletion, maintenance, and generation of renewable
resource stocks: With respect to renewable resources, Daly (199043, p.2) argues
that “harvest rates should equal regeneration rates.” In other words, using
renewable resources faster than stocks are regenerated may lead to depletion of
renewable resource stocks (Campbell and Garmestani, 2012). This is illustrated in
case (b) in Figure 3-4, where the stock is depleted from its initial level (L1) to L2
as it is consumed over time, and is regenerated to a level lower than the initial
level (L3) because the consumption rate exceeds the regeneration rate. Again,
because human activities and systems are reliant upon resources for their
continued operation, they should use renewable resources at rates (i) equal to or
(ii) less than the regeneration rate of resource stocks to avoid depletion. Thus,
minimise rate of renewable resource use may be viewed as a second physical
sustainability goal for society (Goodland, 1995; Blizzard and Klotz, 2012). When
(i) occurs, the stock will be maintained. This is illustrated in case (c) in Figure 3-4,
where the stock is depleted from its initial level (L1) to L2 as it is consumed over
time, and is regenerated back to the initial level (L1). When (ii) occurs, additional
stock will be generated. This is illustrated in case (d) in Figure 3-4, where the
stock is depleted from its initial level (L1) to L2 as it is consumed over time, and is
regenerated to a level higher than the initial level (L4) because the regeneration
rate exceeds the consumption rate.

For their continued operation, human activities and systems are physically
dependent upon the mitigation of waste as well as the resource stocks illustrated
in Figure 3-4, as discussed above. Since the Earth system is currently essentially
closed, from the perspective of resources and waste at least (Daly, 1992;
Wackernagel and Rees, 1997; Cabezas et al., 2005), any waste produced by an
activity or system operating within the Earth system must in turn be processed
within that system (Meadows, 1998; Lindsey, 2011). To illustrate this, two
activities operating in the Earth system are represented in Figure 3-5: one
producing waste, and the other processing it. Daly (1990a, p.2) writes that for
sustainability, “waste emission rates should equal the natural assimilative
capacities of the ecosystems into which the wastes are emitted.” As shown in
Figure 3-5, producing waste faster that it can be processed may lead to
accumulations of waste within the Earth system. These accumulations may be
harmful to biological entities and have undesirable effects on the functioning of
other activities and systems (Daly, 1992; Meadows, 1998). To avoid waste
accumulations, human activities and systems should produce waste at rates less
than or equal to the rate that it can be processed in the wider Earth system. Thus,
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minimise rate of waste production may be viewed as a third physical sustainability
goal for society (Meadows, 1998; Lindsey, 2011).
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Figure 3-4: Resource consumption by human activities (adapted from Paper C)

As discussed above, sustainability goals may be formulated from (i) a physical
viewpoint and (ii) an ethical viewpoint. As shown above, physical sustainability
goals focus on sustaining those elements of the Earth system that are required by
human activities and systems so that they can physically continue to operate over
time (e.g. the resource base and waste processing capacity). In contrast,
sustainability goals formulated from an ethical viewpoint typically focus on
sustaining what Vucetich and Nelson (2010, p.540) refer to as “normative
concepts,” such as the satisfaction of human needs and the health of ecosystems.
Examples of goals formulated from viewpoint (ii) may be identified in a list of
sustainability goals for agriculture provided by Walter and Stiitzel (2009, p.1276).
The list also includes physical sustainability goals focusing on resources and waste
similar to those discussed above, although the terminology adopted is different.
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Figure 3-5: Waste mitigation in the Earth system (Adapted from Paper C)

The physical and/or ethical nature of each goal is highlighted in square brackets
below. The authors write that “to be sustainable, agriculture must:

Supply humanity with food and fibre of sufficient quantity and quality
[physical with respect to the supply of food and fibre per se (i.e. the
continued operation of agricultural activity), and ethical with respect to the
notions of what is a sufficient quantity and quality of food and fibre];

Not endanger Earth’s life support systems (such as the climate system and
the functioning of ecosystems) or natural resources (including biotic and
abiotic resources, soils and biodiversity) [physical];

Allow producers to make a secure livelihood [ethical];

Contribute to rural development and the enhancement of rural
communities [ethical]

Ensure the health of workers, rural populations and consumers [ethical];
Be equitable, just and produce in a socially accepted way [ethical].”

Vucetich and Nelson (2010, p.540) argue that a focus on sustaining “normative”
concepts, e.g. the notions of equity, health, and security mentioned in the above
goals, means that sustainability can be either “virtuous” or “vulgar”, depending
upon the ethical standards of those seeking it. They cite the concepts of “human
needs” and “ecosystem health” as an example, suggesting that, “Depending on how
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societies understand these concepts, sustainability could mean anything from
"exploit as much as desired without infringing on future ability to exploit as much
as desired" to "exploit as little as necessary to maintain a meaningful life.”” They
argue that as such, “understanding and achieving sustainability requires
addressing it as both a scientific and an ethical issue.” Thus, the moral standards of
decision makers formulating sustainability goals, along with the norms of wider
society, may be seen to play a key role in formulating sustainability goals from an
ethical viewpoint. This may be contrasted with physical sustainability goals, which
are primarily determined by the natural laws and limits of the Earth system as
discussed above.

A final point emerging from the literature on sustainability goals pertains to a
potential relationship between physical sustainability goals (such as those inferred
from the work of Daly (1990a, 1992) above) and ethical sustainability goals (such
as the goals stated by Walter and Stiitzel (2009)). Marimon et al. (2012, p.132)
highlight the statement by ISO (2010) that “environmental responsibility is a
precondition for the survival and prosperity of human welfare.” This may be seen
to suggest that physical goals focusing on e.g. resources and waste may be viewed
as fundamental to ethical goals focusing on normative aspects. That is, ethical
goals may not be achievable if the physical goals are not attained. This notion may
be seen to be reflected in a framework for developing and managing sustainable
development indicators (discussed in Section 3.5) presented by Meadows (1998,
p.41), and based on the work of Daly (1990a, 1992). The framework, known as
the “Daly triangle”, is illustrated in Figure 3-6 and briefly discussed below.

In the Daly triangle, the four types of capital discussed in Section 3.3.4 (i.e. natural,
manufactured, human, and social) are organised into hierarchical categories of
“means” and “ends” contributing to human well-being. It may be seen in Figure 3-6
that human and social capital derive from built (i.e. manufactured) capital, which is
created from natural capital through scientific and technological development.
Meadows (1998, p.43) describes human and social capital as representing “the
goals that governments promise and economies are expected to deliver,” focusing
on normative concepts such as health, leisure, and wealth, and also consumer
goods as a valuable output of the economy. Finally, human and social capital are
transformed into human well-being through some kind of ethic, philosophy, or
religion that “can answer the question: what are health, wealth, and education
for?” Meadows (1998, p.43) concludes that although well-being is not a material
concept per se, “it requires the whole material triangle underneath to support it.”
Thus, it may be seen that the achievement of what may be viewed as ethical
sustainability goals - human well-being ultimately, but also wealth, health, product
value, and so on - are fundamentally dependent on the continued availability of
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natural capital, e.g. materials, energy, and waste processing capacity (Costanza and
Daly, 1992; Meadows, 1998) that form the focus of physical sustainability goals.
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Figure 3-6: The Daly triangle (adapted from Meadows (1998), p.42)

3.5 Sustainability assessment

To implement sustainability goals for a particular entity, humans carry out actions
that are expected to result in the entity fulfilling the goals (Parris and Kates, 2003;
Eurostat, 2011a). However, Ness et al. (2007, p.498) highlight that defining and
implementing sustainability goals alone is not sufficient to shift human activities
and systems towards sustainability - “for the transition to sustainability, goals
must be assessed.” In the words of Meadows (1998, p.3): “We can'’t steer
accurately, if we don’t know where we are.” Sustainability assessment, as it is
commonly termed in the literature (Ness et al., 2007; Bodini, 2012), provides
humans with information on the behaviour and performance of entities from a
sustainability perspective (Meadows, 1998; Bell and Morse, 2008; Singh et al.,
2012). This information may in turn be used to make decisions relating to the
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sustainability of an entity (De Smedt, 2010; Heijungs et al., 2010; Ness et al., 2007;
Rametsteiner et al.,, 2011; Ramos and Caeiro, 2010).

In the following sections, literature on sustainability assessment in the context of
human activities and systems is reviewed. Ness et al. (2007) present a
classification of sustainability assessment approaches, including the following
categories: indicators/indices; product-related assessment; and integrated
assessment. Sections 3.5.1 and 3.5.2 follow a similar scheme, although there are
certain differences as highlighted below. The literature on indicator-based
approaches is reviewed in Section 3.5.1. Ness et al. (2007) classify indicators
applied at the global/national level separately from those applied at the product
level. However, it should be noted that in Section 3.5.1, indicators identifiable in
the literature are instead classified with respect to the kinds of activities and
systems they are applied to, and the approaches through which they are evaluated.
[t is then shown that indicators may be evaluated at different spatial scales as
highlighted by Ness et al. (2007). Assessment approaches with a life cycle
perspective, such as life cycle assessment and life cycle costing, are highlighted by
Ness et al. (2007) as key in product-related sustainability assessment.
Accordingly, the literature on these is reviewed in Section 3.5.2.1. Finally, an
overview of key integrated approaches applied in sustainability assessment is
provided in Section 3.5.2.2.

3.5.1 Sustainability indicators

Among the most prolific approaches to sustainability assessment are those based
around the use of sustainability indicators (SIs) (Scerri and James, 2009; Ramos
and Caeiro, 2010; Hak et al.,, 2012). Hak et al. (2012, p.46) suggest that although it
is not possible to put an absolute figure on the number of SIs currently in use, “we
can assume the existence of hundreds of various indices and sets of indicators or
even several thousands of such metrics if individual indicators are included.”
Furthermore, Dalal-Clayton and Bass (2002) position indicator-based approaches
as among the best sustainability assessment approaches with respect to several
criteria including transparency, consistency, and usefulness for decision making.
The literature on Sls is reviewed in this section, in order to gain insight into the
nature of SIs and the factors affecting their definition and evaluation.

According to Parris and Kates (2003, p.8068), SIs are “quantitative measures that
are selected to assess progress toward or away from a stated [sustainability] goal.”
This is supported by McCool and Stankey (2004, p.298), who write of the need to
link “specific measurable variables” to sustainability goals. Similarly, Jordan et al.
(2010, p.1535) suggest that SIs should be “linked directly to the goals” and
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“measurable in common units.” However, other authors suggest that SIs need not
necessarily be quantitative in nature (Reed et al,, 2006; Scerri and James, 2009).
For instance, Meadows (1998, p.9) distinguishes between objective and subjective
SlIs. She writes that the former are those that are “sensed by instruments outside
the individual - thermometers, voltmeters, counters, dials, rulers. They can be
verified by others. They can be expressed in numbers”. In contrast, she remarks
that subjective SIs are those that “are sensed only within the individual by means
that may not be easily explained and in units that are probably not numerical.” In
short: “Objective indicators primarily measure quantity. Subjective indicators
primarily measure quality” (Meadows, 1998, p.9). On the basis of the above, a SI
may be described as a quantitative or qualitative variable linked to a sustainability
goal, that provides information on the fulfilment (or otherwise) of the goal when
evaluated.

Analysing the range of SIs identifiable in the literature reveals that they may be
broadly split into four categories, each involving a different evaluation approach:
accounting indices; energetic and physical flow indicators; sustainable
development indicators; and ecological indicators. A categorisation of
sustainability indicators and the approaches used to evaluate them is shown in
Figure 3-7. Given the plethora of SIs identifiable in the literature (discussed by
Hak et al. (2012), as highlighted in the introduction to Section 3.5.1), the categories
outlined below are not claimed to be exhaustive. Rather, based on the literature,
they are intended to represent the SI types most commonly encountered in
sustainability assessment research:

e Accounting indices (Als) primarily focus upon the environmental, economic,
and social impacts of socio-economic development and/or growth in the
Earth system (Ness et al., 2007; Galli et al,, 2012; Singh et al,, 2012). Als are
typically evaluated retrospectively through natural resource accounting
(Galli et al., 2012), national wealth accounting (Alfsen and Greaker, 2007),
and green national accounting (World Bank, 2010) approaches. Examples
include the Ecological Footprint (Wackernagel and Yount, 1998; Galli et al,,
2012), the Adjusted Net Savings index (World Bank, 2010), and the Genuine
Progress Indicator (Posner and Costanza, 2011).

e FEnergetic and physical flow indicators (EPFIs) primarily focus upon the use
of resources by individual products and systems (Balta et al., 2010; Aydin et
al,, 2013), production activities (Brown and Ulgiati, 1997; Coppola et al.,
2009; Liao et al,, 2011) and regional systems (Gasparatos et al., 2009a,b;
Campbell and Garmestani, 2012). EPFIs are typically evaluated
retrospectively through energy analysis (Ertesvag, 2005; Liao et al.,, 2011),
exergy analysis (Gasparatos et al., 2009b), emergy accounting (Campbell
and Garmestani, 2012; Liu et al,, 2012), and material flow analysis (Ness et
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al., 2007; Eurostat, 2011b) approaches. Examples include energy efficiency
(Liao et al,, 2011), exergy efficiency (Rosen et al., 2008; Gasparatos et al.,
2009b), percent renewable emergy (Brown and Ulgiati, 1997; Campbell and
Garmestani, 2012), and resource productivity (Eurostat, 2013).

e Sustainable development indicators (SDIs) primarily focus upon the
environmental, economic, and social impacts of socio-economic
development activities in the Earth system (Ness et al., 2007; Ramos and
Caeiro, 2010; Piilzl et al., 2011; Eurostat, 2013). SDIs are typically evaluated
retrospectively through progress monitoring approaches (Dalal-Clayton
and Bass, 2002; van Zeijl-Rozema and Martens, 2010; Eurostat, 2013).
Examples include the Eurostat set of SDIs (Eurostat, 2013), and the United
Nations Commission on Sustainable Development’s set of over one hundred
Indicators of Sustainable Development (United Nations, 2007).

e FEcological indicators (Els) are holistic measures focusing upon the use of
resources by whole systems (Ulanowicz et al., 2009; Bodini, 2012). Els are
typically evaluated retrospectively through ecological network analysis (Li
and Yang, 2011; Bodini, 2012). Examples include ascendency (Ulanowicz,
1980; Ulanowicz et al., 2009; Li and Yang, 2011; Bodini, 2012), total system
throughput, and overhead (Ulanowicz, 1980; Ulanowicz et al., 2009; Bodini,
2012). This category of indicators is considerably less developed than the
others outlined above (Bodini, 2012).
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Figure 3-7: Classification of sustainability indicators identifiable in the literature and their
associated evaluation approaches (adapted from Paper C)

SIs may be evaluated from different temporal perspectives (Ness et al. 2007;
Rametsteiner et al. 2011). Parris and Kates (2003, p.8068) refer to the assessment
of “progress toward or away from” sustainability goals. That is, retrospective
assessment, considering the actual behaviour of an entity that has occurred in the
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past. However, SIs may also be used to assess sustainability prospectively, i.e.
evaluating the potential behaviour of an entity that may occur in the future.
Prospective assessment may be carried out to determine the likely impacts of
certain policies or actions on the sustainability of an entity. For example,
Werhahn-Mees et al. (2011, p. 92) employ Sls prospectively to assess the potential
impacts of increasing resource use intensity on the sustainability of bioenergy
production chains. The chronology of indicator-based sustainability assessment is
illustrated in Figure 3-8. As shown, actual and potential behaviour may be
contrasted with instantaneous behaviour. The former are essentially human
perceptions of behaviour that has either already unfolded, or might unfold in the
future. The latter refers to behaviour occurring in the present moment that may be
observed and/or experienced by humans.

instantaneous behaviour

r—— - - - - - - = — — — alr == - - = = A
| PAST il FUTURE |
| retrospective assessment ! prospective assessment I
actual @ > potential
behaviour behaviour
L e e e — — d L TS 4

Figure 3-8: The chronology of sustainability assessment

As discussed in Section 3.3.1, sustainability objectives may encapsulate either an
indefinite or a finite timescale. That is, the length of time over which some entity is
intended to be sustained. Along these lines, Bell and Morse (2008, p.16) highlight
that the timescale over which Sls are evaluated may influence the way that an
entity’s behaviour is interpreted during sustainability assessment. The authors
demonstrate that the behaviour of an entity may fluctuate considerably over long
time periods. As such, depending upon the intervals at which this behaviour is
assessed, “the interpretation of the trend [from the perspective of sustainability] in
each block of time may be quite different” to one another, and to the interpretation
of the behaviour of the entity over multiple intervals i.e. in the longer term.
Consequently, they argue that the “choice of the starting point” or baseline for a
sustainability assessment effort “can influence the results.”

SIs may also be evaluated at different spatial scales. Typically, these are referred
to as local, regional, and global. For example, Ulgiati etal. (2011, p.177) discuss
sustainability assessment of technological and social systems. They write that at
the local scale, only the direct inputs to and outputs from the system need to be
considered. At the regional scale, however, the indirect inputs and outputs
associated with the implementation of the system must also be evaluated. Finally,
at the global scale, they argue that “the ecosystem services that contribute to a
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process sustainability, such as wind for dilution of emissions, solar radiation and
rain water for photosynthesis, the cycling of nutrients” should also be included in
the assessment. In turn, they remark that the “value of a given indicator is only
‘true’ at the scale at which it is calculated.” Lutter et al. (2009, p.9) describe these
different scales in the context of socio-economic development, using the terms
micro, meso, and macro rather than local/regional/global. They write that at the
macro level, “the impacts of total consumption, production and trade flows of a
country are addressed.” At the meso level, “individual sectors of an economy or
aggregated product groups come into focus”. Finally, at the micro level, “attention
is turned to individual products or product groups.” Essentially, as the scale of
sustainability assessment increases, the boundary of the assessment expands to
include more activities than were considered at the previous scale (illustrated in
Figure 3-9).

The definition and selection of SIs for human activities and systems is by no means
an easy task (Meadows, 1998; Bell and Morse, 2008; Rametsteiner et al., 2011).
Firstly, there may be a range of potential SIs that could be used to assess the
behaviour of an entity in relation to sustainability goals (Meadows, 1998). As such,
Meadows (1998, p.9) highlights that the “very choice of an indicator is based upon
some value, some inner human purpose that tells us what is important to
measure.” Furthermore, Oram (2010, p.31) highlights that as a central issue for
society, sustainability is “everyone’s concern.” In turn, authors have emphasised
the importance of involving multiple stakeholders in discussions on SIs (Celino and
Concilio, 2010; Garmendia and Stagl, 2010; Robinson et al,, 2011; Yang et al,,
2011), including both expert stakeholders (e.g. natural scientists, sociologists, and
engineers), and citizen stakeholders and their representatives (e.g. product users,
local inhabitants, and politicians), to account for different values and perspectives
(Piilzl et al., 2011; Rametsteiner et al., 2011). However, these differences mean that
considerable negotiation may be involved in efforts to define or select Sls, which

can be time consuming and fraught with intractable disagreements (Meadows,
1998).
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Figure 3-9: The different spatial scales of sustainability assessment (Paper C)

A second difficulty in defining and selecting SIs arises from the issue of complexity.
As discussed in Section 3.3.1, sustainability research may be broadly split into two
major streams: research on the sustainability of activities, and research on the
sustainability of systems. Focusing momentarily on the latter, Meadows (1998,
p.10) remarks that “[when] a system is extremely compley, it takes trial, error, and
learning to produce a serviceable set of indicators.” Complex systems are typically
characterised by a high degree of connectivity (Holling, 2001; Meadows, 2008;
Quental et al,, 2010; Bodini, 2012); however, the relationships may not always be
clearly revealed to humans attempting to formulate sustainability goals and
indicators to assess them (Komiyama and Takeuchi, 2006; Dawson et al., 2010;
Quental et al.,, 2010). Bodini (2012, p.140) suggests that relationships may reach
such a high degree of complexity that “our perception of cause and effects is
confounded.” As a result, the goals and Sls that humans implement may lead to
unexpected and/or undesired system behaviour (Holling and Goldberg, 1971;
Quental et al,, 2010).

Bodini (2012, p.140) highlights that the intricacy of the systems being assessed is
compounded by the complexity of sustainability per se. The author remarks that
sustainability “is a complex feature [of a system] that implies multiple
dimensionality, but that also pertains to the system as a whole.” In other words,
multiple aspects of a system’s behaviour may affect its sustainability, but its
sustainability per se is a “whole system trait” (Bodini, 2012, p.146). In turn, Bodini
(2012, p.140) argues that, “Multidimensionality and wholeness are two features
that make the search for indicator systems to monitor sustainability very difficult.”
On the one hand, the goals and actions implemented by humans attempting to shift
a system towards sustainability “operate at the single issue/single process level.”
On the other hand, the intended outcome of these goals and actions, i.e.
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sustainability, emerges at the whole system level. Thus, authors write of the need
to adopt a holistic perspective on behaviour in sustainability assessment, i.e. one
that considers the multiple dimensions of behaviour that contribute to a system’s
sustainability, as well as how these dimensions interrelate to produce
sustainability performance at the whole system level (Gasparatos et al., 2008;
Darnhofer et al.,, 2010; Li and Yang, 2011; Lozano and Huisingh, 2011; Bodini,
2012; Singh et al,, 2012; 1ISD, 2013). That is, decision makers should “review [...]
the whole system as well as its parts” in a sustainability assessment (IISD, 2013).
This kind of perspective may also be referred to as a systems perspective (Bell and
Morse, 2008; Meadows, 2008).

Based on the above discussion, the basic elements involved in indicator-based
sustainability assessment approaches are illustrated in Figure 3-10 below.
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Figure 3-10: Key elements of indicator-based sustainability assessment approaches (adapted
from Paper C)

3.5.2 Other approaches applied in sustainability assessment

As noted in Section 3.5.1, SI-based approaches are among the most prevalent
approaches to sustainability assessment. Furthermore, Dalal-Clayton and Bass
(2002) position this kind of approach as having the greatest potential with respect
to various criteria including transparency, consistency, and usefulness for decision
making. Nonetheless, Ness et al. (2007) highlight two other types of approach that
may be applied under the umbrella of sustainability assessment. The first of these
is life cycle assessment, discussed in Section 3.5.2.1. The authors also highlight a
number of integrated assessment approaches, which are “used for supporting
decisions related to a policy or a project in a specific region” (Ness et al., 2007,
p.503). These are briefly outlined in Section 3.5.2.2.

3.5.2.1 Life cycle assessment

Life cycle assessment (LCA) approaches may be utilised to quantify and assess the
environmental, economic, and/or social impacts of products and production
systems throughout their life cycle (Kloepffer 2008; Zhang et al. 2010; Sharma et
al. 2011). Accordingly, different types of LCA approaches may be identified in the
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literature including: environmental LCA, social LCA, and life cycle costing (LCC).
Klopffer and Ciroth (2011) propose that life cycle sustainability assessment (LCSA)
is the combined application of environmental LCA, social LCA, and environmental
LCC.

The approach generally referred to as ‘life cycle assessment’ in the literature
focuses upon quantifying and interpreting the environmental impacts of products
over their life. It may be termed ‘environmental LCA’ by authors (Benoit et al.
2010; Jgrgensen et al. 2010; Zhang et al. 2010; Klépffer and Ciroth 2011) to
distinguish it from other types of LCA (discussed below). LCA has been
standardised by the International Standards Organisation (ISO) in ISO
14040/2006 and ISO 14044/2006 (Ulgiati et al., 2011). It involves four stages,
namely: (i) goal and scope definition; (ii) life cycle inventory analysis; (iii) life cycle
impact assessment; and (iv) interpretation of results (Ofori-Boateng and Lee,
2014). According to Zhang et al. (2010, p. 2235), LCA focuses on “the most
important processes in the life cycle and relies on detailed data about resource use
and emissions of each process.” LCA involves the evaluation of what are known as
impact indicators. These indicators focus on various environmental aspects (e.g.
climate change, acidification, eutrophication, ozone depletion, and so on), and are
evaluated by assigning material/energetic flows to impact categories and
converting them to equivalent units so that they may be compared and
consolidated (SAIC, 2006).

Social LCA (SLCA) focuses upon quantifying and interpreting the social and socio-
economic impacts of products throughout their life cycle (Benoit et al. 2010;
Jgrgensen et al. 2010). The function of SLCA is “to promote improvement of social
conditions and of the overall socio-economic performance of a product throughout
its life cycle for all of its stakeholders” (Benoit et al., 2009). The United Nations
Environment Programme (UNEP), in conjunction with the Society of
Environmental Toxicology and Chemistry (SETAC), have developed a set of
guidelines for conducting SLCA, entitled “Guidelines for Social Life Cycle
Assessment of Products” (Benoit et al. 2009; Benoit et al. 2010). The SLCA
methodology draws extensively from the environmental LCA approach. Like LCA,
it involves goal and scope definition, life cycle inventory, and life cycle impact
assessment stages. SLCA uses indicators to quantify the social and socio-economic
impacts of a product, which may be qualitative or quantitative in nature. SLCA
considers the impacts of products on different groups of stakeholders:
workers/employees, local community, society (national and global), consumers,
and value-chain actors (Benoit et al. 2010; Jgrgensen et al. 2010).
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Finally, life cycle costing (LCC) focuses upon quantifying and interpreting the costs
of products throughout their life cycle (Kloepffer 2008; Benoit et al. 2009). LCC
approaches traditionally dealt with financial costs, but more recent approaches
account for environmental as well as economic costs. Such approaches have been
referred to as environmental LCC (ELCC) by authors. Kloepffer (2008) argues that
for LCSA, only ELCC is appropriate for assessing life cycle costs. SETAC have issued
a code of practice for ELCC. According to Swarr et al. (2011, p. 389), ELCC involves
“conceptual foundations and methodological approaches” that are “distinct and
different” to those of LCA. For example, ELCC does not involve impact assessment
and does not use impact indicators. Rather, the results of ELCC are presented in an
aggregated form as a “calculated cost per functional unit expressed in one of the
well known currencies” (Kloepffer 2008, p. 91). Key steps in LCC and ELCC include
defining cost categories, selecting methods for measuring costs, setting system
boundaries, and setting a discount rate (Benoit et al., 2009). According to Swarr et
al. (2011, p. 390), it is important to avoid “counting the same environmental
impacts in both financial and physical terms” during the assessment, an error
known as double counting.

3.5.2.2 Integrated assessment approaches

As noted in the introduction to Section 3.5.2, integrated assessment approaches
are “used for supporting decisions related to a policy or a project in a specific
region” (Ness et al,, 2007, p.503). Impact assessment may be viewed as a key
integrated assessment approach (Ness et al., 2007). De Smedt (2010) analyses the
use of impact assessment tools in relation to the EU sustainable development
strategy. They delineate sustainability impact assessment as “a process that
prepares [...] evidence on the advantages and disadvantages of possible policy
options by assessing their potential effects.” The European Union has developed
an IA system intended to be used to assess “all significant economic, social and
environmental impacts of possible new initiatives” within the European
Community. They outline five key elements involved in the analysis of the impacts
of policies, which may be paraphrased here as: identification of direct and indirect
economic, social and environmental impacts and how they occur; identification of
who is affected and in what way; assessment of the impacts against the baseline in
qualitative, quantitative and monetary terms; identification and assessment of
administrative burden/simplification benefits; and consideration of the risks and
uncertainties in the policy choices, including obstacles to
transposition/compliance (European Commission 2009, p. 5).

There are a number of tools and methods for sustainability impact assessment
(IA). For example, the Tool for Sustainability Impact Assessment (ToSIA) may be

68



Chapter 3 A review of research on the sustainability of society

used to assess the impacts of potential forestry sector activities on forestry-wood
chains to decision-makers, through specially developed software (Lindner et al.,
2010). A similar tool, called the Sustainability Impact Assessment Tool (SIAT) has
been developed for assessing the impacts of potential policies and actions in land-
use sectors (SENSOR 2009; Paivinen et al. 2010). Indicator models and
simulations of particular systems or regions may also be used to gain insights into
the potential environmental, economic and social impacts of policies and actions
on the system over time (Piilzl et al. 2011; Rametsteiner et al. 2011). In any case,
Ness et al. (2007) suggest that impact assessment tools tend to be based on
methodologies that capture the viewpoints and preferences of multiple
stakeholders.

In addition to impact assessment, Ness et al. (2007, pp.503-504) highlight several
other approaches falling into the category of integrated assessment approaches,
namely:

e conceptual modelling, used for “visualising and detecting where changes in
a given system can be made for increasing sustainability”;

e systems dynamics, referring to “the building of computer models of
complex problem situations and then experimenting with and studying the
behaviour of these models over time” (Caulfield and Maj (2001), cited in
Ness et al. (2007, p.504);

e multi criteria analysis, used to identify goals and objectives and to “spot the
trade-offs between them,” with the ultimate goal of “identify[ing] the
optimal policy”;

¢ risk analysis, involving the identification of a particular risk, followed by “a
qualitative and/or quantitative assessment of the risk” and “communication
with stakeholders concerning the assessment and the corresponding
decisions involved with minimising the risk”;

e uncertainty analysis, which is closely tied to risk analysis and involves
estimating “the probability of events and predicting the events using the
knowledge that is available”;

e vulnerability analysis, which “evaluates the vulnerability of coupled
human-environment systems” and aims to “determine how sensitive and
resilient systems are to changes, and how capable systems are to cope with
changes”; and

e cost-benefit analysis, a method originating in welfare economics that in a
sustainability context, involves “weighing the social costs and benefits of
different alternatives in connection with e.g. energy and transports.”
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3.6 Summary

This chapter has presented a review of sustainability research spanning multiple
sectors of society, namely: agriculture, business, design, socio-economic
development, economics, fisheries, forestry, urban studies, and sustainability
science. In Sections 3.1 and 3.2, three different viewpoints on the sustainability
concept that may be identified in the literature were outlined, i.e. V1, V2, and V3.
In Section 3.3, an overview of different types of sustainability emerging from the
literature was presented. Finally, Sections 3.4 and 3.5 explored the realisation of
sustainability, i.e. how it is achieved and assessed. In Sections 3.1 - 3.3, the
following key points were discussed:

four lexical definitions of sustainability (V1) may be identified in the
literature, which can be viewed as synonymous from the perspective of
dictionary entries: (i) the ability to sustain; (ii) the ability to continue; (iii)
the ability to maintain something; and (iv) the ability to be maintained by
something (Section 3.1.1);

to move from the abstract definitions above to a more concrete one,
humans make value judgements regarding what entities to sustain and for
how long (Section 3.1.2) - that is, they specify sustainability objectives (V2);
four interpretations of the basic constitution of sustainability (V3) may be
seen to emerge from the literature, i.e. sustainability interpreted as: (i) an
ability; (ii) a process of change; (iii) a property or attribute of an entity; and
(iv) a state of an entity (Section 3.2);

sustainability research may be broadly split into two streams of research on
the sustainability of activities and the sustainability of systems in different
sectors, with different categories of research emerging from each stream
(e.g. the sustainability of design from the activities stream, and the
sustainability of complex systems from the system stream) (Section 3.3.1);
different types of sustainability may be seen to emerge from each research
category, e.g. agricultural sustainability (Section 3.3.1);

each type of sustainability may be considered from the three viewpoints
outlined in Sections 3.1 - 3.2, , with authors often adopting different
perspectives in relation to these viewpoints (Section 3.3.1);

sustainable development may be viewed as among the most prolific types of
sustainability discussed in the literature - however, certain authors may be
seen to equate sustainable development with sustainability per se,
suggesting a lack of clarity with respect to the relationship between the two
concepts (Section 3.3.2); and

sustainability may be considered from an anthropocentric and/or a non-
anthropocentric perspective - owing to the focus of this thesis on technical
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systems, an anthropocentric perspective will be adopted throughout
(Section 3.3.4).

The key points discussed in Sections 3.4 and 3.5 may be summarised as:

sustainability goals may be viewed as the means by which humans shift
their activities and society towards sustainability - that is, statements about
what is required in order to achieve sustainability objectives (Section 3.4);
sustainability goals identifiable in the literature may be seen to be
formulated from two different viewpoints on sustainability and society: (i)
a physical viewpoint, considering what we physically can and cannot
sustain given the natural laws and limits of the Earth system; and (ii) an
ethical viewpoint, considering what we should and should not sustain given
the moral/social standards of human beings (Section 3.4);

sustainability goals formulated from viewpoint (i), i.e. physical, typically
focus on sustaining those elements of the Earth system that are required by
human activities and systems so that they can physically continue to
operate over time, e.g. the resource base and waste processing capacity
(Section 3.4);

sustainability goals formulated from viewpoint (ii), i.e. ethical, typically
focus on sustaining normative concepts, e.g. health, social equity, and
livelihood security (Section 3.4);

sustainability assessment may be seen to provide humans with information
on the behaviour and performance of entities from a sustainability
perspective, which may in turn be used to make decisions in efforts towards
sustainability (Section 3.5);

indicator-based sustainability assessment approaches emerge from the
literature as among the most prolific, and four different categories of
sustainability indicators may be identified (Section 3.5.1): accounting
indices, ecological and physical flow indicators, sustainable development
indicators, and ecological indicators;

indicators may be evaluated at different spatial scales ranging from local to
regional to global, along different timescales, and from different temporal
perspectives, i.e. retrospective or prospective (Section 3.5.1);

a holistic perspective on behaviour is required in sustainability assessment,
i.e. one that considers the multiple dimensions of behaviour that contribute
to an entity’s sustainability, and how these impact upon sustainability at the
whole system level (Section 3.5.1); and

in addition to SIs, two other kinds of approach may be applied in
sustainability assessment: life cycle assessment (environmental, social, and
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cost-based); and integrated approaches such as impact assessment and
multi criteria analysis (Section 3.5.2).

In Section 3.4, a framework for developing and managing sustainable development
indicators, known as the Daly triangle, was outlined. In this framework, four types
of capital typically considered in research on sustainability in an economics
context (i.e. manufactured, natural, human, and social, as discussed in Section
3.3.4) are organised into categories of “means” and “ends” contributing to human
well-being. Among these four types of capital is what may be termed “built”
(Meadows, 1998, p.41), “manufactured,” or “human made” (Ekins, 2011, p.633)
capital. According to Meadows (1998, p.53), manufactured capital may be viewed
as “the human-made tools, machines, factories, smelters, electric generators,
pumps, trucks that create output without themselves being consumed (or at least
that create output while themselves depreciating only slowly).” In other words,
technical systems. That is, artificial systems designed and built by humans to meet
the needs of society (Hubka and Eder, 1988).

Meadows (1998, p.43) provides examples of the range of technical systems serving
the economy, including “steel mills, cement plants, car factories, construction
equipment, lathes, tractors, buildings, oil wells, chainsaws, [and] power plants.”
Indeed, technical systems may be viewed as ubiquitous throughout the sectors
considered in the literature review presented in this chapter. Thus, they play a
fundamental role in driving economic production and ultimately, the societal
progress that may result from such production (Hubka and Eder, 1988). However,
Meadows (1998, p.43) highlights the potential impacts of technical systems on the
wider Earth system: “a piece of built capital - a furnace, say, or a paper mill, or an
irrigation system - requires a specific stream of throughput from natural capital
(materials, energy, water) in order to function. It [also] releases a specific stream
of waste and pollution.” Accordingly, the sustainability of technical systems is
increasingly under scrutiny (Park et al., 2005). To understand the key issues and
challenges for research in this area, a review of the literature on sustainability of
technical systems is presented in Chapter 4.
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4 Research on sustainability in a technical
systems context

In Chapter 3, sustainability research spanning multiple sectors of society was
reviewed, providing an overview of key perspectives on: (i) the meaning, value,
and constitution of sustainability, in both a general sense and within specific
contexts; (ii) sustainability goals for human activities and systems; and (iii)
sustainability assessment of human activities and systems. Technical systems
were introduced as ubiquitous elements of manufactured capital throughout the
sectors reviewed, driving economic production and consumption and ultimately,
the societal progress that may result from economic activity.

Goodland (1995, p.7) remarks that although there is no true consensus on whether
or not society is actually unsustainable, “What is not contestable is that the modes
of production prevailing in most parts of the global economy are causing the
exhaustion and dispersion of a one-time inheritance of natural capital - topsoil,
groundwater, tropical forests, fisheries, and biodiversity.” This sentiment is
reflected in the more current work of Ehrlich and Ehrlich (2013, p.1). The authors
highlight recent studies examining society’s ecological footprint, which indicate
that supporting “today’s population of seven billion sustainably (i.e. with business
as usual, including current technologies and standards of living) would require
roughly half an additional planet; to do so, if all citizens of Earth consumed
resources at the US level would take four to five more Earths.” Chapman (2011,
p-33) argues that the “comprehensive axiom” governing human activity in the
twenty first century may be described thus: “production and consumption in their
current guises are both inequitable, and without a future.”

Daly (19904, p.3) highlights that “[in] production a flow of matter and energy from
nature is transformed into a flow of finished products by a stock of transformers,
namely labor and capital.” In Chapter 3, four types of capital that may be
considered in sustainability research were introduced and illustrated in the Daly
triangle (Daly, 1992; Meadows, 1998). Labour may be viewed as an element of
what is termed human capital (Goodland, 1995; Meadows, 1998). Additionally,
manufactured capital, natural capital, and social capital may also be discussed in
relation to economic production. The “capital” carrying out the transformation
described by Daly (1990a) above is manufactured capital, i.e. entities such as “steel
mills, cement plants, car factories, construction equipment, lathes, tractors,
buildings, oil wells, chainsaws, [and] power plants” (Meadows, 1998, p.43). In
other words, technical systems. That is, artificial systems designed and built by
humans to meet the needs of society (Hubka and Eder, 1988).

73



Chapter 4 Research on sustainability in a technical systems context

As highlighted at the end of Chapter 3, a technical system “requires a specific
stream of throughput from natural capital (materials, energy, water) in order to
function. It [also] releases a specific stream of waste and pollution” (Meadows,
1998, p.43). In the 1980s, Hubka and Eder (1988, p.32) suggested that the
“equilibrium of [...] ecosystems should be respected and considered” in the
development and operation of technical systems. Today, there is a general
consensus that these systems may have a considerable impact on the resource
base and the wider Earth system throughout their life cycle (Ulgiati et al., 2006;
Stasinopoulos et al., 2009). Accordingly, the sustainability of technical systems is
increasingly under scrutiny. For instance, organisations in the business of
designing and manufacturing technical systems typically need to evaluate and
report the performance of their technical products as part of a comprehensive
sustainability report (ISO, 1999; Park et al.,, 2005; Global Reporting Initiative,
2013a). Additionally, whilst sustainability reporting is generally a voluntary
activity (Lozano and Huisingh, 2011), organisations are also under increasing
regulatory pressure to improve the sustainability of their technical products (Park
et al.,, 2005; Holan Fenwick Willan, 2013; Brynolf et al,, 2014).

Technical systems may be viewed as ubiquitous throughout the sectors considered
in the literature review presented in Chapter 3. Thus, they play a fundamental role
in driving economic production across society (Hubka and Eder, 1988). Technical
systems may also be consumed, in an economic sense, in the form of consumer
products such as electronic goods, domestic appliances, cars, and even simplistic
products such as cooking and eating utensils, pens, and domestic fixtures and
fittings including taps, door handles, light fittings, and so on (Hubka and Eder,
1988; Eder, 2003). Given the increasing attention paid to the sustainability of
these systems, this chapter presents a review of the literature on sustainability
research in a technical systems context. The aim is to provide an overview of the
key concepts involved, as well as perspectives on sustainability and its nature in
this area. In Section 4.1, the nature of technical systems is explored. The technical
system life cycle is introduced, and design is highlighted as a key activity with
respect to improving the sustainability of technical systems. Accordingly, in
Section 4.2, research on sustainability-oriented engineering design is reviewed,
centring on five sustainability-oriented design philosophies and their associated
methods/tools as discussed in the literature. Performance evaluation is revealed
as a key activity, providing information to support decision making during
sustainability-oriented design. In Section 4.3, literature on sustainability
performance evaluation of technical systems in a broader organisational context is
considered, providing greater insight into the methods and indicators applied.
Finally, Section 4.4 provides a summary of the key points covered.
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Certain sections in this chapter draw from papers appended to this thesis. Section
4.1 expands upon material covered in Sections 3 and 4 of Paper B (Appendix 2).
Section 4.2 presents a summary of certain key points and observations from Paper
A (Appendix 1). Finally, Section 4.3 presents a summary of material covered in
Sections 2 and 3 of Paper B.

4.1 The nature of technical systems

As highlighted in Hubka and Eder (1988, p.7), technical systems may be viewed as
“the “technical means” by which the human achieves his [or her] “ends”.” That is,
artificial systems designed and built by humans to satisfy their needs. The label
encompasses all technical products and processes, from simple consumer products
up to large scale, complex systems such as ships and aircraft (Hubka and Eder,
1988; Eder, 2003). As noted by Hubka and Eder (1988, p.58), the technical
systems developed to meet the needs of society are “practically unlimited in
numbers, quantity, and variety.” As a form of manufactured capital, they may be
viewed as both outputs of economic production and key enablers of human activity
generally. Technical systems may also be consumed, in an economic sense, in the
form of consumer products (Eder, 2003; Chapman, 2011). The role of technical
systems in driving human activity is illustrated in Hubka and Eder's (1988) model
of a socio-technical transformation system, briefly discussed in Chapter 1 (Section
1.1.1) and presented in Figure 4-1. As shown in Figure 4-1, technical systems exert
effects that drive the transformation of an operand from an input state to an
output state. They are managed and influenced by human systems and what is
termed the “active environment” - that is, information systems and management
systems for goal-setting. As discussed in Chapter 1, the transformation system and
consequently, the technical systems driving it, have relationships with ecosystems
in terms of inputs of resources from natural stocks, and outputs of waste to natural
sinks. An overview of certain technical systems employed in major branches of the
economy is provided in Table 4-1, representing a fraction of the total range of
technical systems in existence (Hubka and Eder, 1988).

Technical systems are conceived and developed through the processes of
engineering design (Hubka, 1982; Hubka and Eder, 1988) and, particularly in the
case of large-scale, complex technical systems, systems engineering (Blanchard
and Fabrycky, 1981; Sage, 1992; Stasinopoulos et al., 2009). In each case, the
process begins with knowledge of some human need (Hubka and Eder, 1988; Sage,
1992), that is typically based on “a “want” or “desire” for some item(s) arising out
of a perceived deficiency” (Blanchard and Fabrycky, 1981, p.240). This knowledge
is then evolved through various design and engineering activities to produce a
system design that is refined into a detailed final layout with the properties
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required to satisfy the initial need. The system is then realised through production
and manufacturing processes, and enters into its operational life where it will
“serve industry and mankind” (Hubka and Eder, 1988, p.27) until it is
decommissioned and recycled or disposed of (Blanchard and Fabrycky, 1981;
Hubka and Eder, 1988; Ulrich and Eppinger, 2008). Collectively, these stages -
manufacturing (including transportation of components), operation, and recycling
and disposal - may be termed the “life cycle” of a technical system (Blanchard and
Fabrycky, 1981; Lindahl, 2001; Stasinopoulos et al., 2009), illustrated in Figure
4-2. Additionally, extraction and processing of the raw materials required to
manufacture the system may also be included as a stage preceding manufacture in
the life cycle (Ulgiati et al,, 2011; Adams and McManus, 2014) . The design and
development of the system may also be viewed as part of the life cycle
(Stasinopoulos et al., 2009). Here, these activities are considered to be part of the
manufacturing stage. As discussed in Chapter 3 (Section 3.3.3), in efforts to
manage the environmental impacts associated with these various stages, the life
cycle may be considered from either a cradle-to-grave or a cradle-to-cradle
perspective. That is, focusing on either the reduction or elimination of waste,
respectively. As will be shown in Section 4.3, the life cycle is a key concept in
sustainability assessment of technical systems.

effect

feedback

> O0d——

KEY:
AEnv Active environment
> Hu Human systems

MEI Materials, energy &

information

> 0d' | Operands in input state
> 0d? | Operands in output state
TP Technical process

TS Technical systems

— Input or output

Figure 4-1: Model of a socio-technical transformation system (adapted from Hubka and Eder
(1988, p.23))
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Table 4-1: Examples of technical systems driving activity in different sectors of the economy

Figure 4-2: The technical system life cycle

(adapted from Hubka and Eder 1988, p.94)

Economic sector

Examples of typical technical systems

Agriculture

Chain saw

Combine

Tractor

Chemical industry

Distillation column

Piping

Pressure vessel

Construction

Block press

Concrete mixer

Drill rig

Personnel lift

Scraper

Distribution and trade

Check out

Wrapping machine

Energy generation

Gas turbine

Generator

Steam boiler

Steam turbine

Water conditioner

Water turbine

Food industry

Centrifuge

Concentrator

Press

Information technology

Monitor

PC/laptop

Printer

Medicine

Artificial heart

Prosthesis

X-ray apparatus

Metalworking industry

Forging hammer

Forming machine

Furnace
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Economic sector Examples of typical technical systems

Jigs and fixtures
Machine tool
Press

Mining Conveyer
Cutting machine
Screening machine

Smelting Blast furnace
LD oxygen processor
Rolling mill

Textile industry Sewing machine

Spinning machine
Weaving loom

Transportation Locomotive
Passenger liner
Rocket

Wagon

As discussed above and illustrated in Figure 4-3, technical systems are developed
in response to human needs. These needs are met during the operation phase of
the life cycle, where the system carries out the function(s) it was designed for
(Blanchard and Fabrycky, 1981; Hubka and Eder, 1988). Function refers to ‘what
the technical system is for’ (Gero and Kannengiesser, 2004). Note that whilst
elementary systems may fulfil a single function, more complex systems are likely
to have multiple functions (Hubka and Eder, 1988). The basic nature of technical
systems may be understood from the perspective of function along with two other
interrelated elements, illustrated in Figure 4-3: behaviour and structure.
Behaviour refers to ‘what a system does’ (Gero and Kannengiesser, 2004; Wang et
al,, 2008). A technical system fulfils its function by exhibiting a certain kind of
purposeful behaviour (Hubka and Eder, 1988; Wang et al.,, 2008). This behaviour
is manifested through the system’s structure and its interactions with its
surrounding environment. The structure of a system refers to “what its
components are, how they are connected, and what passes across those
connections” (Tully, 1993, p.46). That is, the individual system components and the
relationships among them (Gero and Kannengiesser, 2004; Meadows, 2008).
Humans may interpret the behaviour of a technical system by measuring the
performance that it produces (Wang et al., 2008), again illustrated in Figure 4-3.
Information on performance may be used to support decision making with respect
to the system and various aspects of its life cycle, as discussed in Sections 4.2 and
4.3.
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Figure 4-3: Technical system function, behaviour, performance, and structure in relation to
humans

To illustrate the rather abstract notions of function, behaviour, and structure,
consider a car, a common example of a technical system. A car satisfies a human
need for the transportation of people and other entities by fulfilling the function of
moving objects from one place to another. Key components of a car include the
fuel system, the engine, the drivetrain, the wheels, the exhaust system, and the
chassis. In turn, these components may be seen to be interrelated in a number of
ways: the fuel system supplies fuel and air to the engine; the engine combusts this
fuel and air to produce mechanical power, which is transmitted to the wheels by
the drivetrain; the exhaust system channels the byproducts of combustion away
from the engine; and the chassis contains the other components and protects them
from damage. On a high level, the purposeful behaviour exhibited by the car in
relation to its function may be described as the transformation of a fuel source into
translational motion of the whole car and its load via a series of sub-
transformations (e.g. the transformation of fuel and air into torque, torque into
rotational motion, and rotational motion into translational motion).

Tully (1993, p.46) highlights that unlike natural systems, the structure of a

technical system is “controlled by the engineer.” In designing a technical system,
an engineer is essentially defining and refining a structure that will exhibit the
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behaviour required to fulfil a certain desired function (Tully, 1993; Gero and
Kannengiesser, 2004; Wang et al., 2008), as shown in Figure 4-3. As such, a
technical system may be generally defined as a system comprised primarily of
artificial components (Hubka and Eder, 1988), where most of the structural
parameters have been defined by humans so that the system will behave in a
particular way (Tully, 1993).

As discussed in the introduction to Chapter 4, organisations are under increasing
regulatory pressure to improve the sustainability of their technical products (Park
et al.,, 2005; Holan Fenwick Willan, 2013; Brynolf et al., 2014). In this respect,
design may be viewed as a key activity in the development of a technical system
(Park et al., 2005; Stasinopoulos et al., 2009; Spangenberg et al., 2010). For
instance, Unger et al. (2008, p.14) remark that “[it] is assumed that about 80% of
all environmental effects associated with a product are determined in the design
phase of development.” In particular, authors position the early stages of design as
holding the greatest potential for significant sustainability improvements to
products (Park et al,, 2005; Lu et al,, 2011; Bovea and Pérez-Belis, 2012). Given the
potential significance of design with respect to the sustainability of technical
systems, research on sustainability-oriented design in a technical systems context
is reviewed in Section 4.2.

4.2 Designing sustainable technical systems

In Chapter 3 (Section 3.3), design was highlighted as a key category of
sustainability research emerging from the stream of research focusing on the
sustainability of activities. In turn, as discussed in Section 4.1, design is cited as a
key activity with respect to improving the sustainability of technical systems.
Accordingly, the literature on sustainability-oriented engineering design is
reviewed in this section. The intention is to provide an overview of key
perspectives on sustainability in engineering design, and the major design
methods and tools applied in designing sustainable technical systems.

4.2.1 Overview of sustainability-oriented engineering design

As discussed in Section 4.1, technical systems are typically a product of
engineering design and/or systems engineering. From a social and technical
perspective, design has undergone considerable evolution over the years (Duffy,
2005), from early craft based design (Hubka, 1982; Jones, 1991), through to
design-by-drawing, system designing (Jones, 1991), and the notion that design is a
fundamental activity of human life generally (Papanek, 1972; Jones, 1991; Wahl
and Baxter, 2008). From the latter perspective, design may be viewed as a driver
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of socio-technical change (Lopes et al., 2012), defined by Jones (1991, p.32) as “the
fitting of products and systems to newly emerging forms of society.” O’Donnell and
Duffy (2002, p.1199) position design as an element of product development
processes, which are viewed as a type of business process. In turn, business
processes may be viewed as sub-processes of larger scale consumption and
production processes operating within an economy, using labour and capital and
contributing goods and services to the economy (Dyllick and Hockerts, 2002;
McDonough and Braungart, 2002a; Figge and Hahn, 2004). Finally, economic
consumption and production may be considered to contribute to the overarching
socio-economic development processes driving societal progress (Costanza and
Daly, 1992; Tischner and Charter, 2001; Eurostat, 2013). In short, design may be
viewed as ultimately contributing to the socio-economic development process
forming the focus of the sustainable development concept (Tischner and Charter,
2001; Chapman, 2011; Spangenberg et al., 2010), discussed in Chapter 3 (Section
3.3.2). The relationship between design and higher-order processes is illustrated
in Figure 4-4.

Socio-economic T
development

Economic consumption
& production

Business

Product
development

Manufacturing
T~

Figure 4-4: The relationship between design and higher-order socio-economic processes
(based on O’Donnell and Duffy (2002, p.1199) and Tischner and Charter (2001, p.120)

Socio-technical change is argued to be a necessary element of the transition to
sustainability that was discussed in Chapter 3 (Kemp and Parto, 2005; Beddoe et
al,, 2009; Laitala et al., 2011; The Royal Society, 2012). Accordingly, given its
nature as discussed above, design is positioned by authors as a key driver of this
change and in turn, of the sustainability transition (Tischner and Charter, 2001;
Shedroff 2009; Spangenberg et al., 2010; Lopes, Fam, and Williams 2012).
However, design is also argued to be a root cause of the sustainability problems it
is now expected to address (Shedroff, 2009). Over forty years ago, Papanek (1972,
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p.57) remarked upon the need to develop a particular kind of “social and moral
responsibility” in design, suggesting that designers are responsible for “nearly all
of our environmental mistakes.” The author argues that by “repeating his [or her]
mistakes a millionfold or more through designs affecting all of our environments,
tools, machines, shelters, and transportation devices, the designer-planner has
finally put murder onto a mass production basis.” Since then, Bhamra and
Lofthouse (2007, p.2) highlight that “there has been a growing feeling in many
environmental circles that design and manufacture is responsible for many of the
man-made stresses imposed on the planet.”

The realisation that design may have negative impacts on the environment and
society has resulted in a drive to integrate sustainability considerations into design
thinking and practice. In this respect, a number of authors have provided new
perspectives on design and proposed new approaches. The intention is generally
to foster a greater sense of ethical responsibility in the designer, and to integrate
environmental, economic, and/or social considerations into designing with a view
to improving the impacts of design (e.g. Papanek, 1972; Tischner and Charter,
2001; Manzini, 2006; Braungart and McDonough, 2008; Chapman, 2011). This
may be seen to align with the three pillars of sustainable development introduced
in Chapter 3 (Section 3.3.2), i.e. the triad of environmental, economic, and social
sustainability objectives typically pursued in a socio-economic development
context. In a design context, the pillars may be discussed in terms of what is
known as the triple bottom line (McDonough and Braungart, 2002a; Fiksel, 2003;
Hindle, 2009), a set of sustainability objectives for business: “profitability,”
“environmental quality,” and “social justice” (Elkington, 1998, p.xiii). Certain
authors present the integration of sustainability considerations into design over
the decades as a gradual broadening of the designer’s remit, as shown in Figure
4-5. That is, from a relatively narrow focus on conventional design considerations
such as aesthetics, cost, and quality, to the inclusion of environmental
considerations in designing, and finally integrating considerations regarding the
social and economic impacts of products alongside these (Tischner and Charter,
2001; Bhamra and Lofthouse, 2007).
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Figure 4-5: The increasing integration of sustainability considerations into design (based on
Bhamra and Lofthouse (2007, pp.38-39))

As discussed in Section 4.1, designing a technical system involves defining and
refining a structure that will exhibit the behaviour required to fulfil a certain
desired function (Tully, 1993; Gero and Kannengiesser, 2004; Wang et al., 2008).
This highlights two fundamental elements of designing: (i) the design artefact, i.e.
what is being designed (a technical system in this case, hereafter referred to as a
technical artefact); and (ii) the design activity, i.e. the processes by which the
artefact is developed and refined (Hubka, 1982; O’'Donnell and Duffy, 2005; Wang
etal,, 2013). Jones (1991, xi) remarks that, “Designing, if it is to survive as an
activity through which we transform our lives, on earth, and beyond, has itself to
be redesigned, continuously.” Along these lines, Wahl and Baxter (2008, p.72)
suggest that in order to effectively tackle sustainability issues through design,
there is a need to redesign both the “way we think about” design and the
“practices” we adopt in carrying it out. This may be seen to highlight two means by
which sustainability considerations may be integrated into design:

e The development and application of sustainability-oriented design
philosophies (Bhamra and Lofthouse, 2007). A design philosophy may be
viewed as an overarching design concept, that expresses certain values and
perspectives on design held by an individual (e.g. a lone designer) or a
group of individuals (e.g. the design department of an organisation)
(Yoshikawa, 1989; Evbuomwan et al., 1996; Hernandez, 2010) . Typically, a
design philosophy may be articulated in terms of broad aims and basic
principles for design (Yoshikawa, 1989; Bhamra and Lofthouse, 2007;
Hernandez, 2010; Gould, 2011) . Essentially, a design philosophy defines
the designer’s frame of reference for carrying out design activities. Thus,
design philosophies may be seen to guide the way that designers think
about design (Evbuomwan et al,, 1996).
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e The development and application of new design methods and tools, and/or
the modification of existing ones (Collado-Ruiz and Ostad-Ahmad-Ghorabi,
2010). A design method may be viewed as an identifiable way of working
that supports a designer in meeting design goals or finding a solution to a
problem (Lindahl, 2006; Cross, 2008) . The notion of a design tool is closely
related to that of a design method, and may be viewed as a physical or
intangible means that supports a designer in meeting design goals or
finding a solution to a problem (Lindahl, 2006). Generally speaking, a
design tool may be used to support the application of a particular design
method (Cross, 2008). For instance, the House of Quality may be viewed as
a tool to support the application of the Quality Function Deployment
method (Bovea and Wang, 2007). Essentially, design methods and tools
provide formal guidance to designers with respect to the practical elements
of design activities. Thus, they may be seen to guide the way that designers
carry out design (Lindahl, 2006; Cross, 2008).

A number of sustainability-oriented design philosophies have emerged over the
decades (Bhamra and Lofthouse, 2007; Chapman, 2011; Skjerven, 2012), and a
plethora of design methods and tools are now positioned as conducive to the
delivery of more sustainable artefacts (Waage, 2007; Bovea and Pérez-Belis, 2012;
Gagnon et al.,, 2012). Certain authors suggest that the literature on sustainability-
oriented design has expanded to such a degree that something of a saturation point
has been reached. For example, from a practical perspective, Byggeth et al. (20073,
p.1) highlight the work of Baumann et al. (2000), who claim that “there is too much
tool development and too few studies and evaluations of existing tools.” Chapman
(2011, p.172) remarks that, “Large amounts of time and energy are spent
attempting to define whether what you do is design for environment, ecodesign,
sustainable design, design for sustainability, low-impact design, green design,
clean design, and so on, and so on.” They argue that, “The way in which we both
discuss and name our practice [...] needs resolving, and fast.” Thus, it may be
concluded that there is a lack of clarity regarding the nature and differentiation of
current approaches to sustainability-oriented design. This may be seen to be
supported to some extent by Tischner and Charter (2001, p.120), who remark that
terms such as “‘sustainable product design’, ‘ecodesign’, ‘design for environment’
and even ‘product design’ are often confused and are not clearly defined or well
known.”

In order to clarify the range of sustainability-oriented design philosophies and
methods/tools currently discussed and applied in the design of technical systems,
a literature investigation was undertaken. A sample of 83 sources primarily drawn
from the engineering design literature was considered, including a mixture of
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sources reporting the development, practical application, and evaluation/analysis
of philosophies, methods, and tools. Literature reviews focusing on design
philosophies, methods, and tools from the perspective of sustainability were also
included. The literature sample is presented in full in Table 1 of Paper A, Appendix
1. As highlighted in Paper A, sources were drawn from a number of contexts
within the broad area of engineering design. Additionally, certain sources from an
industrial design context were included, given that industrial design may be
viewed as occupying a position “between art and engineering” (Bhamra and
Lofthouse, 2007, p.3). In the interests of transparency, the contexts considered
were:
e architecture and building design, e.g. Gamage and Hyde (2012) and Wigum
etal. (2011);
e electrical/ electronic design, e.g. Unger et al. (2008) and Boks and Stevels
(2003);
e industrial design, e.g. Rodriguez and Boks (2005) and Bhamra and
Lofthouse (2007);
e process design, e.g. Hossain et al. (2010) and Taras and Woinaroschy
(2012);
e product design and development, e.g. Byggeth et al. (2007a) and Chapman
(2011); and
e systems design, e.g. Stasinopoulos et al. (2009) and Alfaris et al. (2010).

[t should be noted that systematic reviews providing a more detailed and
comprehensive treatment of certain parts of the literature on sustainability-
oriented design have been conducted by other authors. For instance, Pigosso et al.
(2011)conducted a systematic review of 560 sources from the ecodesign literature,
revealing and classifying 105 ecodesign methods and tools. Similarly, Blizzard and
Klotz (2012) systematically reviewed 49 sources on sustainable design in order to
characterise a framework for sustainable whole systems design. In contrast with
these, as stated above, the aim of the review reported in this section is to provide a
general overview of key perspectives on sustainability in engineering design, and
the major design methods and tools broadly applied in designing sustainable
technical systems. The findings of the literature investigation are presented in full
in Paper A (Appendix 1); however, certain key points and observations are
discussed in Sections 4.2.2 and 4.2.3. Given the aim, a detailed discussion on the
nature of every design philosophy, method, and tool identified from the sample
falls outside the scope of this section. Rather, a summary of the state of the art is
provided. Certain key issues emerging from the state of the art that are relevant
with respect to the aim of this thesis are discussed in Chapter 5. Readers are
referred to Paper A for more extensive discussion on the concepts discussed in the
following sub-sections. Additionally, the complete range of design philosophies,
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methods, and tools identified from the sample, along with the full list of supporting
authors, is included in Appendix 6. The analysis conducted to calculate
percentages presented in Figures 4-5, 4-6, 4-8, and 4-9 is also outlined in this
appendix.

4.2.2 Design philosophies

In total, fifteen sustainability-oriented design philosophies (hereafter “S-
philosophies”) were identified from the sample described above, as shown in Table
4-2. Of these, five were observed to be discussed considerably more frequently
than others, namely (Figure 4-6):
e sustainable design (SD) was discussed in 33 sources, i.e. 39.8% of the
sample
e ecodesign (ED) was discussed in 20 sources, i.e. 24.1% of the sample;
e design for environment (DfE) was discussed in 16 sources, i.e. 19.3% of the
sample;
e design for sustainability (DfS) was discussed in 10 sources, i.e. 12.0% of the
sample; and
e whole system design (WSD) was discussed in six sources, i.e. 7.2% of the
sample.
As shown in Table A6-1 in Appendix 6, the remaining 10 S-philosophies were
found to be discussed in no more than 2 sources each (i.e. 2.4% of the sample).
Consequently, it may be concluded that the five philosophies listed above are those
emerging most prominently from the literature.

As shown in Sections 4.2.2.1 - 4.2.2.3 below, the major S-philosophies may be
categorised and differentiated on the basis of similarities and differences in their
aims and perspectives on design and sustainability. One of the key observations
made during the investigation is that authors in the literature on sustainability-
oriented engineering design rarely define sustainability of the technical artefact -
this is discussed at length in Chapter 5 (Section 5.3). However, based on their aims
and perspectives, each category of S-philosophy may be inferred as being oriented
towards a different type of sustainability (see Chapter 3, Section 3.3 for a
discussion on sustainability types). These orientations are discussed in Sections
4.2.2.1-4.2.223.
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Figure 4-6:
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Table 4-2: Overview of all S-philosophies identified from the engineering design literature
sample

No.

S-philosophy

Aim

Sources

1 Design for To reduce the negative environmental Lindahl, 1999;
environment impacts of a design throughout its life Bhander et al., 2003;
cycle, whilst simultaneously fulfilling Boks and Stevels, 2007;
traditional design requirements with Lindahl et al., 2007;
respect to aspects such as performance, | Choietal., 2008;
function, and quality. Ramani et al., 2010;
Wigum et al, 2011;
Rosen and Kishawy, 2012
2 Design for To improve (i.e. minimise negative or Bhamra and Lofthouse, 2007;
sustainability create positive) environmental, Wahl and Baxter, 2008;
economic, and social impacts Clark et al., 2009;
throughout the life cycle of a design. Alfaris et al,, 2010;
Spangenberg et al., 2010;
Mayyas et al., 2012a
3 Discursive To nurture creative public discourse Tharp and Tharp, n.d,;
design through the design of objects that Edeholt, 2012
communicate ideas and affect the
thoughts and feelings of people.
4 Ecodesign To reduce the negative environmental Aschehoug et al., 2012;

impacts of a design throughout its life
cycle, whilst simultaneously fulfilling
traditional design requirements with

respect to aspects such as performance,

function, and quality.

Bhamra et al., 1999;

Bovea and Pérez-Belis, 2012;
Collado-Ruiz and Ostad-
Ahmad-Ghorabi, 2010;
European Parliament and the

6 Note that certain authors in the sample were observed to discuss more than one S-philosophy and therefore,
the percentages presented in Figure 4-5 do not sum to 100%.
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No. | S-philosophy Aim Sources
Council of the European
Union, 2005, in Unger et al,,
2008;
Ostad-Ahmad-Ghorabi and
Collado-Ruiz, 2011;
Park et al., 2005;
Spangenberg et al., 2010;
Wimmer, 1999
5 Ecological To design systems that integrate society | Gagnon et al., 2012;
engineering and the environment. Mitsch, 2012
6 Emotionally To reduce consumption and waste and Chapman, 2011
durable design increase resource productivity by
increasing the durability of
relationships between users and
products.
7 Empathic design | To reduce waste by fostering deeper Niiniméki and Koskinen, 2011
emotional relationships between
products and users.
8 Environmentally | To address the environmental impacts Poole et al., 1999
conscious design | of a design throughout its life cycle.
9 Evolutionary To create systemic, sustainable, and Laszlo et al., 2009
systems design evolutionary solutions for the future,
and to foster social change that parallels
natural systems and processes.
10 | Industrial To create ecologically sustainable Wang and Coté, 2011
ecology production and consumption systems.
11 | Life cycle design | To reduce the negative environmental Ernzer and Bey, 2003;
impacts and maximise the benefits of a McAloone and Andreasen,
design throughout its life cycle, whilst 2004
simultaneously fulfilling traditional
design requirements with respect to
aspects such as performance, function,
and quality.
12 | Restorative To design artefacts that restore natural Gu and Frazer, 2009
design systems by making positive
contributions to the environment
without sacrificing natural resources.
13 | Scale-linking To link spatial and temporal biophysical | Wahl, 2012
design scales “across all scales of design from
product design, architecture,
construction ecology, community
design, industrial ecology, to urban and
bioregional planning.”
14 | Sustainable To improve (i.e. minimise negative or McDonough and Braungart,
design create positive) environmental, 2002a;

economic, and social impacts
throughout the life cycle of a design.

Waage, 2007;

Hossain et al., 2010;
Azkarate et al,, 2011;
Bhamra et al,, 2011;
Chapman, 2011;

Laitala et al., 2011;
Zachrisson and Boks, 2011;
Chenetal., 2012;

Chiu and Chu, 2012;
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No. | S-philosophy Aim Sources

Keitsch, 2012;
Lopes etal., 2012

15 | Whole system To improve (i.e. minimise negative or Blizzard and Klotz, 2012;
design create positive) environmental, Charnley et al., 2011;
economic, and social impacts Coley and Lemon, 2009;
throughout the life cycle of a system. Stasinopoulos et al., 2009

4.2.2.1 Design for environment (DfE) and ecodesign (ED)

Authors position DfE and ED as equivalent philosophies (Boks and Stevels, 2007;
Collado-Ruiz and Ostad-Ahmad-Ghorabi, 2010; Ostad-Ahmad-Ghorabi and Collado-
Ruiz, 2011). For instance, Unger et al. (2008, p.14) remark that, “Ecodesign is
often also referred to as green design, ecological design, environmentally sound or
environmentally sensitive design, Design for the Environment (DfE),
environmentally responsible design or others.” Similarly, Poole et al. (1999, p.334)
consider “ecodesign as synonymous with Design for Environment” (DfE) and
“Environmentally Conscious Design” (ECD).” They claim that “the field of study has
developed such that all these names refer to the process of designing products and
processes with attention to the environmental impact throughout their life-cycle.”

The aim of DfE and ED may be viewed as: to reduce the negative environmental
impacts of a technical artefact throughout its life cycle, whilst simultaneously
fulfilling traditional design requirements with respect to aspects such as
performance, function, and quality (Poole et al., 1999; Bhander et al., 2003; Boks
and Stevels, 2007; Choi et al., 2008; Spangenberg et al., 2010; Bovea and Pérez-
Belis, 2012). For example, Ramani et al. (2010, p.2) suggest that “DFE practices are
meant to develop environmentally compatible products and processes while
maintaining product, price, performance, and quality standards.” Similarly, Park et
al. (2005, p.254) remark that the “ultimate aim of ecodesign is to improve a
product’s environmental performance. Basic characteristics of a product, such as
cost, functionality, performance, and reliability, must be considered
simultaneously in the ecodesign process.”

None of the authors discussing DfE and ED in the literature sample were seen to
define sustainability in relation to the technical artefact. However, given the focus
on environmental impacts and performance (Park et al., 2005; Ramani et al., 2010),
it may be inferred that both DfE and ED are oriented towards environmental
sustainability, i.e. the delivery of environmentally sustainable artefacts (Ramani et
al,, 2010; Rosen and Kishawy, 2012). Nonetheless, environmental sustainability
should not be achieved at the expense of design and business success. That is,
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environmental sustainability should not be pursued at the expense of, for instance,
design and business performance goals (Ramani et al., 2010).

DfE and ED share a number of perspectives on design and sustainability, which
may be summarised as:

e the challenges involved in reducing the environmental impacts of design
may be viewed as business opportunities (Boks and Stevels, 2007; Unger et
al,, 2008; Ramani et al., 2010);

e environmental considerations should be integrated into all stages of the
design process (Ramani et al., 2010; Rosen and Kishawy, 2012), especially
the early phases where the design is most flexible (Lindahl, 2001; Park et
al., 2005; Bovea and Pérez-Belis, 2012), and viewed in a balanced manner
alongside traditional design requirements for aspects such as cost, quality,
and technical performance (Park et al.,, 2005; Ramani et al., 2010);

e the environmental impacts of technical artefacts are addressed at various
stages throughout their life cycle (Lindahl, 2001; McAloone, 2001; Bhander
et al.,, 2003; Choi et al., 2008; Bovea and Pérez-Belis, 2012), with a
particular focus on the end-of-life stage (Huisman et al., 2000; Choi et al,,
2008; Wigum etal., 2011);

e in certain cases, life cycle stages with the greatest potential for negative
impacts may be targeted as opposed to the full life cycle, in order to
maintain acceptable performance with respect to the time and resources
consumed by design activities (Bovea and Vidal, 2004; Park et al., 2005;
Choi et al., 2008); and

e reductions in the material and energy consumption of technical artefacts
are sought (Choi et al., 2008; Wigum et al., 2011), often through efficiency
improvements (Boks and Stevels, 2007; Choi et al., 2008; Spangenberg et al.,
2010).

4.2.2.2 Design for sustainability (DfS) and sustainable design
(SD)

Whilst not explicitly equated by authors, DfS and SD may be seen to share
essentially the same aim, with both philosophies seeking to improve
environmental, economic, and social impacts throughout the life cycle of a
technical artefact (Hossain et al., 2010; Spangenberg et al., 2010; Bhamra et al.,
2011; Chiu and Chu, 2012; Mayyas et al., 2012a). This improvement may involve
either minimising negative (Bhamra and Lofthouse, 2007; Chapman, 2011) or
creating positive (McDonough and Braungart, 2002a; Spangenberg et al.,, 2010)
impacts. For instance, Bhamra et al. (2011, p.428) remark that sustainable design
“takes into account environmental, economic and social impacts enacted
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throughout the product lifecycle,” and that the “application of sustainable design
can greatly reduce the environmental and social impacts of [...] products and
services.” With respect to the creation of positive impacts, McDonough and
Braungart (2002a, p.254) write that the “goal of an effective company,” in the
context of SD, “is to stay in business as it transforms, providing shareholder value
as it discovers ways to generate positive social and environmental effects.” In the
context of DfS, Bhamra and Lofthouse (2007, p.40) discuss the need for designers
to “reduce the environmental and social impact [of design] across the life cycle.”
With respect to the creation of positive impacts in the context of DfS, Spangenberg
etal. (2010, p.1490) write that DfS involves “minimising the negative and
maximising the positive impacts on nature, humans and society.” Therefore, it may
be concluded that DfS and SD represent essentially the same design philosophy.

Like DfE and ED, none of the authors discussing DfS and SD in the literature sample
were seen to explicitly define sustainability in relation to the technical artefact.
However, given the focus on environmental, economic, and social impacts, it may
be inferred that both DfS and SD are oriented towards environmental, economic,
and social sustainability, i.e. the delivery of artefacts that are environmentally,
economically, and socially sustainable (Spangenberg et al., 2010; Gagnon et al.,
2012). In other words, artefacts that contribute to sustainable development
(Keitsch, 2012), given that this type of sustainability has a triad of environmental,
economic, and social sustainability objectives (encapsulated in the three pillars of
sustainable development introduced in Chapter 3, Section 3.3.4).

In the case of DfE and ED as discussed in Section 4.2.2.1, it was shown that
environmental considerations must be balanced against traditional design
requirements (Park et al., 2005; Ramani et al., 2010). Certain authors in the
context of DfS and SD may be seen to adopt a similar perspective. For instance,
Mayyas et al. (2012a, p.1846) highlight the work of Curtis and Walker (2001), who
suggest that “designing for sustainability involves balancing social, ethical and
environmental issues alongside economic factors within the product or service
development process.” However, from other perspectives, sustainability
considerations may be seen to drive evolution in what may be considered to be
“traditional” design requirements. For instance, in the context of SD, McDonough
and Braungart (2002a, p.252) argue that the creation of “a sustaining industrial
system” requires “a new definition of quality in product, process and facility
design.” They write that “quality is embodied in designs that allow industry to
enhance the well being of nature and culture while generating economic value.” In
other words, a traditional design requirement for “quality” has been redefined to
account for sustainability considerations.
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DfS and SD share a number of perspectives on design and sustainability, which
may be summarised as follows:

environmental, economic, and social considerations should be integrated
into all stages of the design process (Bhamra and Lofthouse, 2007; Waage,
2007; Spangenberg et al., 2010; Gagnon et al., 2012), and considered in a
balanced and holistic manner (McDonough and Braungart, 2002a;
Spangenberg et al., 2010; Keitsch, 2012; Mayyas et al., 2012a);

the environmental, economic, and social impacts of technical artefacts
should be addressed throughout their full life cycle (Bhamra and Lofthouse,
2007; Spangenberg et al., 2010; Bhamra et al., 2011; Gagnon et al.,, 2012;
Mayyas et al,, 2012a) - however, in certain cases, a specific stage in the life
cycle may be targeted, such as the use phase (Rodriguez and Boks, 2005;
Bhamra et al., 2011);

the complexity and multiple scales of the Earth’s sub-systems and in turn,
design problems, are acknowledged (Wahl and Baxter, 2008; Spangenberg
et al., 2010; Gagnon et al., 2012; Gamage and Hyde, 2012);

the ethical aspects of design should be considered (Spangenberg et al.,
2010; Bhamra et al,, 2011; Chapman, 2011; Mayyas et al., 2012a), and the
designer should recognise their ethical responsibilities towards society
(Bhamra and Lofthouse, 2007; Chapman, 2011);

human values and behaviour are viewed as underpinning the sustainability
of design, production, and consumption (Bhamra and Lofthouse, 2007;
Spangenberg et al., 2010; Bhamra et al,, 2011; Chapman, 2011);

to ensure that multiple (and potentially competing) values and perspectives
are considered during design, a greater number of stakeholders (e.g. the
general public (Wahl and Baxter, 2008), and product users (Bhamra et al,,
2011)) should participate in design than has conventionally been the case
(Spangenberg et al.,, 2011; Gagnon et al,, 2012; Keitsch, 2012); and

to tackle multidisciplinary challenges, cross-disciplinary collaboration
should occur during design (Wahl and Baxter, 2008; Spangenberg et al.,
2010; Gagnon et al., 2012; Keitsch, 2012).

4.2.2.3 Whole system design (WSD)

In Sections 4.2.2.1 and 4.2.2.2, it was inferred that: (i) DfE and ED are oriented
towards environmental sustainability (Ramani et al., 2010; Rosen and Kishawy,
2012), i.e. the delivery of environmentally sustainable artefacts; and (ii) DfS and SD
are oriented towards environmental, economic, and social sustainability
(Spangenberg et al,, 2010; Gagnon et al,, 2012), i.e. the delivery of artefacts that are
environmentally, economically, and socially sustainable. In contrast, WSD may not
necessarily be conducive to the delivery of sustainable artefacts. For instance,
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Blizzard and Klotz (2012, p.458) remark that WSD “does not guarantee sustainable
design outcomes. It may, however, offer more opportunity than traditional design
approaches for designers to create sustainable solutions to our most pressing
issues.” Further, WSD may be seen to be discussed in the wider design literature,
with no relation to sustainability (e.g. M'Pherson, 1980; Levine and Mohr, 1998).
However, the philosophy is positioned by a number of authors as effective in
tackling sustainability challenges (Coley and Lemon, 2009; Stasinopoulos et al.,
2009; Charnley et al,, 2011; Blizzard and Klotz, 2012; Gagnon et al., 2012).

Considering the research output on WSD in a sustainability context, it may be seen
that the aim is essentially the same as that of DfS/SD (Stasinopoulos et al., 2009).
That is, to improve the life cycle environmental, economic, and social impacts of
technical artefacts, as discussed in Section 4.2.2.2. However, a notable difference
between DfS/SD and WSD appears to be that the latter is founded in a systems
view of the world (Coley and Lemon, 2009; Charnley et al,, 2011) - that is, a view
where “the interconnections between sub-systems and systems are actively
considered” (Stasinopoulos et al,, 2009, p.3). Furthermore, certain authors
discussing WSD were observed to make explicit reference to a focus on “technical
engineered systems” (Stasinopoulos et al., 2009, p.3) and “product systems”
(Fiksel, 2003, p.5331), as opposed to simply products, artefacts, or design
solutions. Additionally, the process for sustainable whole system design
prescribed by Stasinopoulos et al. (2009) is an expansion of the traditional systems
engineering process outlined by Blanchard and Fabrycky (1981). As such, from
the perspective of sustainability at least, the aim of WSD may be stated as: to
improve (i.e. minimise negative or create positive) environmental, economic, and
social impacts throughout the life cycle of a system (Stasinopoulos et al., 2009;
Charnley et al., 2011; Blizzard and Klotz, 2012).

Unlike authors discussing DfE/ED and DfS/SD, one author discussing WSD in the
literature sample was observed to explicitly define sustainability in relation to the
technical artefact. Fiksel (2003, p.5331) outlines a set of definitions that clearly
conveys the systems perspective referenced above, suggesting that they “offer a
logical framework of “nested” systems that may be helpful to system designers.”
The final definition in this list may be viewed as a definition of sustainability of the
technical artefact, i.e. in the words of Fiksel, a “product system”:
i. “Asustainable society is one that continues to satisfy the current needs of
its population without compromising quality of life for future generations.
ii. A sustainable enterprise is one that continues to grow and adapt in order to
meet the needs and expectations of its shareholders and stakeholders. (The
enterprise system is a component of the overall socio-economic system.)
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iii. A sustainable product (or service) is one that continues, possibly with
design modifications, to meet the needs of its producers, distributors, and
customers. (The product system is a component of the overall enterprise
system.)”

Additionally, although they do not define sustainability per se, Stasinopoulos et al.
(2009, p.3) provide a “description of a sustainable [technical engineered] system.”
They argue that sustainable technical engineered systems:

e “Consume natural resources (energy, materials and water) within the
capacity for them to be regenerated (thus favoring renewable resources),
and preferably replace or reuse natural resources;

e Do notrelease hazardous or polluting substances into the biosphere beyond
its assimilative capacity (thus zero release of hazardous persistent and/or
bio-accumulative substances), and preferably are benign and restorative;

e Avoid contributing to irreversible adverse impacts on ecosystems
(including services and biodiversity), biogeochemical cycles and
hydrological cycles, and preferably protect and enrich ecosystems,
biogeochemical cycles and hydrological cycles;

e Provide useful and socially accepted services long term, and enrich
communities and businesses by providing multiple benefits; and

e Are cost effective and have a reasonable rate of return on total life-cycle
investment, and preferably are immediately profitable.”

On the basis of the above, it may be concluded that when applied as an S-
philosophy, WSD is oriented towards system sustainability. That is, the delivery of
sustainable systems. Comments from certain authors, coupled with the focus of
WSD on improving the environmental, economic, and social impacts of systems as
discussed above, may be seen to suggest that system sustainability entails
environmental, economic, and social dimensions. For example, Blizzard and Klotz,
(2012, p.475) remark that “whole systems design is an approach that offers
designers the opportunity to holistically optimize solutions for social,
environmental, and economic sustainability.”" The description of a sustainable
system outlined by Stasinopoulos et al. (2009) above may also be seen to cover
environmental, economic, and social aspects.

A number of key perspectives emerge from the literature on WSD in the context of
sustainability, which may be summarised as follows:
e design problems are viewed as embedded within a wider system (Coley and
Lemon, 2009), where design requirements are interrelated with solutions
(Blizzard and Klotz, 2012) - as such, limits with respect to the sustainability
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of a particular design solution may be averted by redefining the problem
(Coley and Lemon, 2009);

e the environmental, economic, and social performance of whole systems
should be optimised during design, as opposed to isolated entities
(Stasinopoulos et al., 2009);

e the environmental, economic, and social impacts of systems should be
addressed throughout their full life cycle - in particular, synergies among
sub-systems should be sought out to increase positive and reduce negative
impacts throughout the life cycle of the overall system (Coley and Lemon,
2009; Stasinopoulos et al., 2009; Charnley et al., 2011; Blizzard and Klotz,
2012);

e throughout the design process, designers should adopt a systems view and
rely more heavily upon ingenuity and intuition, as opposed to checklists
and guidelines (Coley and Lemon, 2009; Blizzard and Klotz, 2012);

e the complexity and multiple scales of the Earth system, and in turn design
problems, are acknowledged (Coley and Lemon, 2009; Stasinopoulos et al.,
2009; Charnley et al,, 2011) ;

¢ to tackle multidisciplinary challenges, cross-disciplinary collaboration
should occur during design (Coley and Lemon, 2009; Stasinopoulos et al.,
2009; Charnley et al,, 2011; Blizzard and Klotz, 2012) ; and

e to ensure that multiple (and potentially competing) values and perspectives
are considered during design, a greater number of stakeholders should
participate in design than has conventionally been the case (Coley and
Lemon, 2009; Charnley et al,, 2011).

4.2.3 Design methods and tools

In addition to the S-philosophies discussed in Section 4.2.2, 170 distinct design
methods and tools were identified from the literature sample. That is, methods
and tools positioned by authors as useful or effective in sustainability-oriented
engineering design. These methods and tools were categorised according to the
kinds of activities they are intended to support during design: creating; decision
making; evaluation and analysis; modelling and simulation; and optimisation.
These categories are elaborated on in Section 5.1 of Paper A. Note that the
categories are not intended to constitute an exhaustive representation of all types
of design method/tool in existence. Rather, they may be viewed as the categories
that emerged most prominently from the range of methods and tools identified
from the literature sample. As discussed in Section 4.2.1, it is beyond the scope of
Section 4.2 to provide detailed descriptions of each method/tool identified.
However, an overview of the major examples is presented in Table 4-3.
Additionally, a breakdown showing the fractions of each type of method/tool
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emerging from the sample as percentages of the total methods and tools identified
is presented in Figure 4-7.

M Creating (10.6%)

Decision making (24.1%)

Evaluation and analysis
(51.2%)

W Modelling, simulation, and
optimisation (14.1%)

Figure 4-7: Percentages of each type of design method/tool emerging from the literature

sample

Table 4-3: Overview of methods and tools discussed by authors in the literature sample

No. | Method/tool description | Sources

Creating:

1 Backcasting Bhamra & Lofthouse, 2007;
Byggeth et al.,, 2007a,b;
Gagnon et al., 2012

2 Concept generation Karlsson and Luttropp, 2006;

Bhamra and Lofthouse, 2007;
Stasinopoulos et al., 2009;
Gagnon et al., 2012

Templates for Sustainable Development (T)

Byggeth et al., 2007a,b

Theory of Inventive Problem Solving (TRIZ) and TRIZ-
based methods

3 Design spiral Gamage and Hyde, 2012

4 Layered games Bhamra and Lofthouse, 2007
5 Mood boards

6 Real People (T)

7

8

Strasser and Wimmer, 2003;
Trotta, 2010;

Chiu and Chu, 2012;

Gamage and Hyde, 2012

Decision making:

9 A framework for ethical decision-making in design - Oram, 2010
the "culturally negotiated ethical triangle" (T)

10 | Checklists Lindahl, 2001;
Bhamra and Lofthouse, 2007;
Bovea and Pérez-Belis, 2012

11 | Design for/to X Huisman et al., 2000;
Bhander et al., 2003;
Byggeth et al.,, 2007b;
Mayyas et al., 2012a

12 | Design guidelines Lindahl, 2001;
Bovea and Pérez-Belis, 2012;
Chiu and Chu, 2012;
Mayyas et al., 2012a

13 | Design principles Boks and Stevels, 2007;
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No. | Method/tool description Sources
Spangenberg et al,, 2010;
Blizzard and Klotz, 2012;
Chiu and Chu, 2012
14 | Fractal triangle (T) McDonough and Braungart, 2002a
15 | Multi criteria decision analysis Choi et al., 2008;
Gagnon et al., 2012
16 | Typological analysis Gamage and Hyde, 2012
17 | User-centred design methods Wigum et al,, 2011

Evaluation and analysis:

18 | ABCD analysis Byggeth et al., 2007a,b;
Unger et al.,, 2008
19 | Benchmarking Boks and Stevels, 2003;
Stasinopoulos et al., 2009
20 | Economic and social performance evaluation Bovea and Pérez-Belis, 2012;
Gagnon et al., 2012;
Mayyas et al.,, 2012b
21 | Environmental performance evaluation Lenau and Bey, 2001;
Stasinopoulos et al., 2009;
Bovea and Pérez-Belis, 2012;
Gagnon et al,, 2012;
Mayyas et al., 2012a
22 | Failure mode and effects analysis (FMEA) and FMEA- Lindahl, 2001;
based methods/tools Byggeth et al,, 2007a,b;
Bovea and Pérez-Belis, 2012
23 | Functional analysis Stasinopoulos et al., 2009
24 | Hierarchical design decomposition Alfaris et al., 2010
25 | Impact assessment Bovea and Pérez-Belis, 2012;
Gagnon et al.,, 2012
26 | Integrated environmental, economic, and/or social Bovea and Pérez-Belis, 2012;
performance evaluation Chiu and Chu, 2012
27 | Morphological analysis Gagnon et al., 2012
28 | Nature studies analysis Gamage and Hyde, 2012
29 | Quality function deployment (QFD) and QFD-based Vinodh and Rathod, 2010;
methods Bovea and Pérez-Belis, 2012
30 | Scenario analysis Huisman et al., 2000
31 | System analysis Stasinopoulos et al., 2009
32 | User-centred design methods Bhamra and Lofthouse, 2007;

Bhamraetal, 2011

Modelling, simulation, and optimisation:

33 | Formal optimisation methods Papandreou and Shang, 2008;
Gagnon et al.,, 2012;
Taras and Woinaroschy, 2012

34 | Life cycle optimisation Mayyas et al.,, 2012b

35 | Models and modelling Byggeth et al,, 2007b;
Stasinopoulos et al., 2009;
Alfaris etal., 2010

36 | PILOT Wimmer and Judmaier, 2003

37 | Simulation Hossain et al., 2010

38 | System optimisation Stasinopoulos et al., 2009
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As discussed in the introduction to Section 4.2, a tool may be used to support the
application of a particular method (Cross, 2008). As such, it was assumed during
the investigation that a method and a tool that are seen to be used in direct
conjunction will always belong to the same category from the list provided above.
Therefore, in cases where a tool was found to be clearly associated with a method,
only the method was recorded and included in Table 4-3. Conversely, in cases
where a tool was seen to be discussed in isolation from any particular method,
then the tool was recorded and included in the table. Tools are suffixed with the
following in order to distinguish them from methods: (T). Furthermore, it should
be noted that certain methods and tools presented in Table 4-3 represent
generalisations of groups of specific methods discussed by authors in the literature
sample. Namely, the following may all be decomposed into specific examples
discussed and/or applied by different authors (the numbers associated with each
method/tool in Table 4-3 are included in brackets below):
e benchmarking methods (19);
e checklists (10);
e concept generation methods/tools (2);
e design for/to X methods (11);
e design guidelines (12);
e design principles (13);
e economic and social performance evaluation methods/tools (20);
e environmental performance evaluation methods/tools (21);
e failure mode and effects analysis (FMEA) and FMEA-based methods/tools
(22);
e formal optimisation methods (33);
e impact assessment methods/tools (25);
e integrated environmental, economic, and/or social performance evaluation
methods/tools (26);
e multi criteria decision analysis methods/tools (15);
e quality function deployment (QFD) and QFD-based methods/tools (29);
e Theory of Inventive Problem Solving (TRIZ) and TRIZ-based methods/tools
(8); and
e user-centred design methods (32).
The specific methods and tools comprising each of these general groups are
outlined in both Appendix 6 and Tables 4-7 in Section 5.1 of Paper A.

Collado-Ruiz and Ostad-Ahmad-Ghorabi (2010, p.479) suggest that in the
development of means for tackling sustainability issues in design, “Many design
methods were “environmentalized,” as well as new ones generated.” Along these
lines, it should be noted that a mixture of the following are included in Table 4-3:
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¢ new methods and tools, i.e. those newly developed with the explicit purpose
of tackling sustainability issues (e.g. the Templates for Sustainable
Development tool developed by Ny et al. (2008));

¢ modified methods and tools, i.e. those developed by modifying conventional
methods and tools to be more effective in tackling sustainability issues (e.g.
the Environmental Effect Analysis method developed by Lindahl (2001));
and

e conventional methods and tools, i.e. those that may be applied in design
conventionally, but are presented as effective in tackling sustainability
issues in their original, unmodified form (e.g. the brainstorming method
presented by Stasinopoulos et al. (2009) and Gagnon et al. (2012)).

As indicated in Table 4-3, methods and tools identified from the literature sample
were seen to be associated with particular S-philosophies. That is, authors were
observed to discuss the use of different methods/tools in the context of different S-
philosophies (although certain method/tools are shared by multiple philosophies).
As such, the methods and tools identified from the sample may be positioned
according to both: the design activities they are intended to support (as outlined
above); and the S-philosophy (or S-philosophies) they were seen to be associated
with in the literature sample. On this basis, the Design Sustainability Matrix (DSM)
was developed to visually represent the state of the art with respect to
philosophies, methods, and tools for sustainability-oriented engineering design.
The DSM is presented in Figure 4-8. Items suffixed with (M) are methods, whilst
those suffixed with (T) represent tools. It must be emphasised that the matrix is
descriptive in nature and not prescriptive. Thatis, it is intended to describe what
philosophies and methods/tools are currently discussed and applied in
sustainability-oriented engineering design, based on the literature sample outlined
in Appendix 6. It is not intended to prescribe what philosophies and
methods/tools should be applied, both in general and with respect to specific S-
philosophies.

As may be seen in Figure 4-7, one category of method/tool in particular stands out
from the range detected in the sample, namely evaluation and analysis. 51.2% of
all methods and tools identified were found to fall into this category (87
methods/tools in total), meaning that this type of method/tool is the most
prevalent in the sample. To put this into context, decision making was the second
largest category, including 24.1% of all methods/tools identified. The evaluation
and analysis category may be broken down into:

e methods/tools for evaluating economic and social performance;

e methods/tools for evaluating environmental performance;
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¢ methods/tools for integrated evaluation of environmental, economic,
and/or social performance; and

e other evaluation and analysis methods/tools.
These sub-categories may be seen to reflect the aims of the major S-philosophies
identified in Section 4.2.2, i.e. to improve (in various ways) the environmental,
economic, and/or social performance of technical artefacts throughout their life
cycle. The percentages of the identified evaluation and analysis methods/tools
falling into each of these sub-categories are illustrated in Figure 4-9.

[t may be seen in Figure 4-9 that 59.7% of the identified methods/tools for
evaluation and analysis (51 methods/tools) were found to focus on evaluating the
environmental, economic, and/or social performance of technical artefacts (either
as separate dimensions, or in an integrated fashion as indicated in Figure 4-9).
This represents 30.6% of the total methods and tools of all types identified from
the sample. Specific examples of performance evaluation methods identified from
the sample are presented in Table 4-4.

The above observations suggest that performance evaluation is an area receiving
relatively significant attention in sustainability-oriented engineering design.
Furthermore, several authors suggest that information on the environmental,
economic, and/or social performance of artefacts is instrumental with respect to
improving the sustainability of technical artefacts (Park et al., 2005; Waage, 2007;
Gagnon et al.,, 2012). For instance, Azkarate et al. (2011, p.169) suggest that
information on the environmental, economic, and social performance of technical
artefacts can help designers to “select the most sustainable option from several
alternatives.” Collado-Ruiz and Ostad-Ahmad-Ghorabi (2010, p.480) focus solely
upon environmental performance, remarking that most design processes in the
context of DS and ED “share an initial stage of environmental evaluation, from
which improvement strategies are developed.” They highlight that it is “necessary
for designers to know about the environmental impacts of their products in order
for them to focus on the relevant aspects,” suggesting that the “positive effect of
having environmental information is generally taken for granted in design for
sustainability and ecodesign.” Indeed, as shown in Figure 4-10, a considerable
fraction of the performance evaluation methods/tools identified from the sample
were found to focus on environmental performance (75%), as opposed to
economic and social performance (13.5%) and integrated environmental,
economic, and/or social performance (11.5%).
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Figure 4-9: Distribution of different types of methods/tools in the evaluation and analysis

-

category

M Economic and social performance

evaluation (8.0%)

Environmental performance
evaluation (44.8%)

H Integrated environmental,
economic, and/or social
performance evaluation (6.9%)

B Other methods/tools for evaluation

and analysis (40.2%)

Table 4-4: Examples of performance evaluation methods identified from the sample

No. | Method/tool description

Sources

Life cycle assessment (LCA) and LCA-based methods/tools:

1 DfE matrix (T) Bovea and Pérez-Belis, 2012
2 Eco-Indicator 95 Huisman et al., 2000;
Lenau and Bey, 2001
3 Eco-Indicator 99 Huisman et al., 2003;
Bhamra and Lofthouse, 2007
4 Environmental Priority Strategies Lenau and Bey, 2001;
Huisman et al., 2003
5 Environmental Product Life Cycle matrix (T) Bovea and Pérez-Belis, 2012
6 Life cycle assessment McAloone, 2001;
Park et al., 2005;
Bhamra and Lofthouse, 2007;
Stasinopoulos et al., 2009;
Hossain et al.,, 2010
7 Life cycle check McAloone, 2001
8 Life Cycle Planning Bovea and Pérez-Belis, 2012
9 Okala method Chiu and Chu, 2012
10 | Product life thinking McAloone, 2001
11 | Simplified life cycle assessment Luetal, 2011;
Chiu and Chu, 2012
12 | Strategic Life Cycle Management Byggeth et al., 2007a
13 | Streamlined life cycle assessment Bovea and Pérez-Belis, 2012

Strategic methods/tools:

14 | Design abacus Bhamra and Lofthouse, 2007

15 | Ecodesign web

16 | Environmentally Responsible Product Assessment Chiu and Chu, 2012

17 | Environmentally Responsible Product/Process Bovea and Pérez-Belis, 2012
Assessment Matrix (T)

18 | RAILS Bovea and Pérez-Belis, 2012

19 | Strategic environmental assessment Gagnon et al., 2012

20 | Strategic wheel (T) Unger et al., 2008

Other:
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No. | Method/tool description Sources

21 | Assistant environmental assessment tool (T) Wimmer and Judmaier, 2003

22 | Cumulated Energy Demand Unger et al., 2008;
Ostad-Ahmad-Ghorabi and Collado-
Ruiz, 2011

23 | Eco effectiveness Wang and Coté, 2011

24 | Eco efficiency Hong et al., 2012

25 | Ecological footprinting Unger et al., 2008;
Gagnon et al., 2012

26 | Ecological indicators (T) Stasinopoulos et al., 2009

27 | Emergy analysis Gagnon et al., 2012

28 | Energy analysis Hossain et al., 2010

29 | Environmental product declaration Mayyas et al., 2012a

30 | Environmental valuation Gagnon et al., 2012

31 | Exergy analysis Hossain et al., 2010;
Urban et al.,, 2010;
Gagnon et al., 2012

32 | Footprinting Bovea and Pérez-Belis, 2012

33 | Material Flow Analysis Unger et al., 2008

34 | Material Intensity per Unit of Service

35 | Material Recycling Efficiency calculations Huisman et al., 2003

36 | Materials, Energy & Toxicity matrix (T) Bovea and Pérez-Belis, 2012;
Chiu and Chu, 2012

37 | Oil Point Method Bovea and Pérez-Belis, 2012;
Chiu and Chu, 2012

38 | Recyclability assessment Huisman et al., 2000

39 | Toxicity assessment Huisman et al., 2000

B Economic and social
performance evaluation
(13.5%)

Environmental
performance evaluation
(75%)

M Integrated environmental,
economic, and/or social
performance evaluation
(11.5%)

Figure 4-10: Distribution of different types of performance evaluation methods/tools

emerging from the literature sample
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In addition to sustainability-oriented engineering design, information on the
sustainability performance of technical systems may also be required in other
contexts. For instance, organisations are also increasingly participating in the
voluntary activity of sustainability reporting (SR). SR entails the evaluation of an
organisation’s environmental, economic, and social performance, and the
communication of this performance to stakeholders via a sustainability report
(Lozano and Huisingh, 2011). As noted in the introduction to Chapter 4,
organisations in the business of designing and manufacturing technical systems
typically need to evaluate and report the performance of their technical products
as part of a comprehensive sustainability report (ISO, 1999; Park et al,, 2005). In
an organisational context, information on the sustainability performance of
technical products may be used by:

e the organisation per se to manage certain aspects of the business (Hussey et
al,, 2001; Global Reporting Initiative, 2013a), e.g. the design of technical
products as discussed in this section (Park et al., 2005), and the
implementation and monitoring of sustainability and corporate social
responsibility policies (Marimon et al., 2012; Global Reporting Initiative,
2013a);

e the organisation’s competitors (Tokos et al., 2011), e.g. for benchmarking
the performance of their own technical products (Boks and Stevels, 2003);
and

e consumers to make purchasing decisions on the basis of product
sustainability (Chapman, 2011; Koller et al., 2011), e.g. which product to
buy from an organisation or which organisation’s products to buy.

[t may be seen from the above that there is a need for information on the
sustainability performance of technical systems to support decision making at
various levels beyond the design process. To gain greater insight into the
evaluation methods applied and the performance aspects measured outside of an
engineering design context, the literature on sustainability performance evaluation
of technical systems in a broader organisational context is reviewed in Section 4.3.

4.3 Sustainability performance evaluation of technical systems

Design has been cited as a critical activity with respect to improving the
sustainability of technical products (Park et al., 2005; Stasinopoulos et al., 2009;
Spangenberg et al,, 2010). Accordingly, the key findings of a literature
investigation on sustainability-oriented engineering design were presented in
Section 4.2. Performance evaluation was highlighted as a key activity in this area,
providing information on the environmental, economic, and/or social performance
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of technical artefacts that may be used to support design decisions (Park et al.,
2005; Waage, 2007; Azkarate et al., 2011; Gagnon et al., 2012).

As noted in Section 4.2.3, information on the sustainability performance of
technical systems may be required in a broader organisational context, as well as
during the design process. For instance, it was highlighted that organisations may
evaluate and report the performance of their technical products as part of a
comprehensive sustainability report. A key set of guidelines supporting
organisational sustainability reporting (SR) are those produced by the Global
Reporting Initiative (Global Reporting Initiative, 2013a,b). These guidelines
include a number of indicators that may be seen to require the evaluation of
product performance during various stages of the life cycle (introduced in Section
4.1). This performance is then included in an aggregate measure of organisational
performance for reporting, e.g.:

e the indicator “other indirect greenhouse gas (GHG) emissions” requires
evaluation of “emissions [that] are a consequence of the activities of the
organization, but occur from sources not owned or controlled by the
organization” - among the relevant emissions categories is “the end use of
products and services,” i.e. emissions during a product’s use phase/life in
service (Global Reporting Initiative, 2013b, p.112);

e the indicator “energy consumption outside the organization” requires
evaluation of energy consumption occurring “throughout [the]
organization’s upstream and downstream activities associated with its
operations” - this may include “the use of sold products by consumers and
the end-of-life treatment of sold products after consumer use,” i.e. energy
consumption during both a product’s use phase/life in service and its end of
life phase (Global Reporting Initiative, 2013b, p.91); and

e the indicator “extent of impact mitigation of environmental impacts of
products and services” requires quantitative evaluation of “the extent to
which environmental impacts of products and services have been mitigated
during the reporting period” - this will entail some evaluation of trends in a
product’s environmental performance over the reporting period, but also
across the product life cycle given that the “significance of such impacts is
determined by both customer behavior and general product or service
design” (Global Reporting Initiative, 2013b, p.128).

A number of performance evaluation methods applied to technical artefacts were
identified during the literature investigation on sustainability-oriented design, as
discussed in Section 4.2.3 (and listed in Table 4-4). However, to gain greater
insight into the evaluation methods applied to technical systems in a broader
organisational context, a literature investigation focusing on a sample of 43
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sources from this area was carried out. The sample is outlined in Table 6 of Paper
B in Appendix 2. The results of an analysis conducted on the sample are discussed
at length in Chapter 8, and the findings of the investigation are presented in full in
Paper B (Appendix 2). However, certain key points and findings from the
literature review conducted as part of the investigation are presented in the
following sub-sections. The intention is to provide an overview of the literature on
sustainability performance evaluation of technical systems beyond the context of
engineering design.

4.3.1 Sustainability performance evaluation and the technical
system life cycle

In Section 4.1, the concept of the technical system life cycle was introduced
(illustrated in Figure 4-2). To recap, it was shown that the life cycle is generally
considered to involve four stages: (i) extraction and processing of raw materials
required to manufacture the system; (ii) manufacturing (including design and
development, and also transportation of components); (iii) system operation; and
(iv) recycling and disposal. In Chapter 3 (Section 3.5), indicator-based approaches
to sustainability assessment were positioned as among the most prolific of those
discussed in the literature on the sustainability of society. Indeed, the
sustainability of technical systems is typically assessed using sustainability
performance indicators (SPIs), which measure various aspects of a system’s
performance throughout its life cycle. As discussed in Section 4.3.2 below, the
majority of the authors in the sample outlined in Table 6 of Paper B were seen to
evaluate SPIs focusing on material and energetic aspects of performance.
However, certain authors were observed to also cover economic and social aspects
to a limited extent. Furthermore, SPIs were seen to be defined and evaluated
through either formal methods or ad hoc approaches?, also discussed in Section
4.3.2.

Sustainability performance evaluation may be carried out across different portions
of the technical system life cycle. For instance, certain authors focus upon
performance during the operation phase only (e.g. Caliskan et al., 2012; Rotella et
al,, 2012; Aydin et al., 2013), whilst others apply methods such as life cycle
assessment to evaluate performance across the full life cycle (e.g. Ulgiati et al,,
2011; Adams and McManus, 2014; Ofori-Boateng and Lee, 2014). In Chapter 3
(Section 3.5.1), it was shown that sustainability indicators may be evaluated from
different temporal perspectives, i.e. retrospective or prospective. This is true for

7 Ad hoc approaches are considered here as those where authors appear to define and evaluate SPIs on the
basis of their knowledge of the system and sustainability generally rather than any formal method.
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SPIs in a technical systems context. Retrospective evaluation focuses on the actual
performance of a system due to past life cycle activities (Moss et al., 2014 ), whilst
prospective evaluation focuses on the potential performance of a system due to
future life cycle activities (Russell-Smith et al., 2014). For example, as discussed in
Section 4.2.3, the sustainability performance of technical artefacts may be
evaluated prospectively during the design process to facilitate selection of the
most sustainable concept, or to identify areas for sustainability improvements to
products (Park et al., 2005; Azkarate et al., 2011).

In a technical systems context, Ulgiati et al. (2011) highlight that the life cycle
stages outlined above are closely tied to the spatial scale at which material and
energetic flows are evaluated. As discussed in Chapter 3 (Section 3.5.1),
sustainability indicators may be evaluated at local, regional, and global scales. In a
technical systems context, Ulgiati et al. (2011, p.177) suggest that each scale is
“characterized by well-specified processes” occurring at different life cycle stages:

e the local (L) scale involves “final resource use,” i.e. the operation of the
technical system - here, only the direct material and energetic inputs to and
outputs from the system need to be considered;

e the regional (R) scale involves “manufacturing and transport of
components” - here, the indirect material and energetic inputs/outputs
associated with manufacturing and transporting system components must
be considered in addition to the direct inputs/outputs above; and

e the global (G) scale involves “resource extraction and refining” - here, the
indirect inputs/outputs resulting from the extraction and processing of the
raw materials consumed to manufacture the components must additionally
be considered.

As discussed above, there is a final stage in the technical system life cycle that does
not appear to be covered by Ulgiati et al. (2011) - that is, recycling and disposal. In
essence, recycling and disposal mirror the manufacturing phase, only they focus on
deconstructing the system as opposed to constructing it. Thus, like manufacturing
processes, recycling and disposal processes may be considered to occur at the
regional scale. However, for a number of technical systems, data on the material
and energetic flows associated with recycling and disposal are rather limited.
Thus, in certain cases this phase may be excluded from a regional or global scale
evaluation of a technical system’s sustainability performance (Gurzenich and
Wagner, 2004; Hondo, 2005; Raugei et al., 2005).

The different spatio-temporal scales delineated above may be illustrated by
considering the notion that all of the activities involved in the technical system life
cycle, including the operation of the system per se, occur within a wider
environment that provides inputs to activities and receives the outputs produced
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(Blanchard and Fabrycky, 1981; Hubka and Eder, 1988; Tully, 1993; Stasinopoulos
etal,, 2009). Essentially, increasing the spatial scale over which sustainability
performance is to be evaluated means that: (i) more of the Earth system is
included in the technical system’s environment; and (ii) the technical system'’s
interactions with this environment must be considered across a broader portion of
the system life cycle, as shown in Figure 4-11.
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Figure 4-11: The spatio-temporal scales of sustainability performance evaluation
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Ulgiati et al. (2011, p.177) highlight that the “value of a given indicator is only ‘true’
at the scale at which it is calculated.” In other words, from the perspective of a
decision maker, system performance that seems to be sustainable at one spatio-
temporal scale may in fact appear to be unsustainable at others. To illustrate,
consider the use of non-renewable resources by a solar panel. A solar panel may
be viewed as a relatively simple technical system that converts solar energy into
electrical energy. At the local scale, we may evaluate the solar panel’s use of non-
renewable resources and find that it uses none - the only energetic input to the
system during its operation is renewable solar energy. As discussed in Chapter 3
(Section 3.4), for sustainability, the use of non-renewable resources by a technical
system should be minimised, ideally to zero if possible. Thus, at the local scale, the
panel’s use of non-renewable resources appears to be sustainable. However, if we
evaluated the same aspect of performance at the regional scale, we would likely
obtain a rather different picture. The manufacture of solar panels involves non-
renewable and scarce metals (Fthenakis, 2009) and is likely to be driven by fossil
fuels (Kim et al.,, 2014), which are also non-renewable. Furthermore, solar panels
require rather intensive processing in order to be recycled and/or disposed of at
the end of their life cycle (Fthenakis, 2009). Again, this is likely to be driven by
fossil fuels (Kim et al., 2014). Thus, whilst the panel’s use of non-renewable
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resources appears to be sustainable at the local scale, it seems less so at the
regional scale.

As noted in the introduction to Section 4.3, evaluations of a technical system’s
sustainability performance may be carried out to obtain information for different
purposes. For example, consider a designer. As touched upon in Section 4.2.3,
they may wish to identify areas where changes could potentially be made to a
technical artefact to improve aspects such as energy efficiency and consumption
during its life in service (Aydin et al., 2013). In this case, evaluation at the local
scale is likely sufficient, given the relationship between temporal and spatial scale
outlined above. In other cases, it may be desired to understand what phase in a
system’s life cycle is associated with the worst sustainability performance (Park et
al,, 2005). This is likely to entail evaluation at the regional and possibly also global
scales. As such, it may not be necessary to evaluate SPIs at every scale outlined
above in every case. Rather, it is necessary to consider performance at all scales
that are relevant given the purposes of the evaluation.

4.3.2 Major sustainability performance evaluation methods
applied to technical systems

As discussed in Section 4.3.1, sustainability performance evaluation of technical
systems seeks to measure various aspects of a system’s sustainability performance
throughout its life cycle (to varying degrees). During the literature investigation, it
was found that authors carrying out this kind of evaluation may be broadly split
into two categories: (i) those applying ad hoc approaches; and (ii) those applying
formal evaluation methods. Each category is briefly discussed below, and an
overview of the major formal methods identified and their associated indicators is
provided.

Category (i) refers to authors who appear to define and evaluate SPIs for technical
systems based on their knowledge of the system and sustainability generally
rather than any predefined method. A selection of several authors from the sample
that were seen to apply this kind of approach is presented in Table 4-5. As touched
upon in Section 4.3.1, the majority of authors in the sample (Table 6 of Paper B,
Appendix 2) were seen to focus on evaluating material and energetic aspects of
performance. In this respect, it may be seen in Table 4-5 that although the specific
material and energetic aspects measured by authors adopting ad hoc approaches
are different in a number of cases, similarities may be detected with respect to the
broad areas being measured. For example:

e various types of emissions and waste products may be seen to be measured

by all authors listed in Table 4-5 with the exception of Rotella et al. (2012);
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e energy efficiency, focusing on various kinds of energy, may be seen to be
measured by Denholm et al. (2005), Evans et al. (2009), Onat and Bayar
(2010), Chandrasekaran and Guha (2012), Rahman et al. (2014), Singh et al.

(2014); and
e material and energy consumption, again focusing on various kinds of

materials and energy, may be seen to be measured by all authors listed in

Table 4-5 with the exception of Hondo (2005) and Asif and Muneer (2014).
For those systems evaluated at the local scale, these include only direct inputs and
outputs. For those systems evaluated at regional and global scales, they include
both direct and indirect inputs and outputs, as discussed in Section 4.3.1.

Table 4-5: A selection of authors applying ad hoc approaches to evaluating the sustainability
performance of technical systems

Source Technical system | Indicators Scale
Denholm et al., 2005 | Baseload wind ¢ Fuel consumption rate R
energy system, e GHG emission rate
including turbines e NOx emission rate
& storage) ¢ Primary energy efficiency
e SO2 emission rate
Hondo, 2005 A range of different | e Life cycle GHG emission factor R
power production
systems
Evans et al,, 2009 Photovoltaic, wind, | e Efficiency of energy generation R
hydro, & e Greenhouse gas emissions
geothermal energy | e Land use
production systems | o Price of electricity generation
¢ Social impacts
e Water consumption
Onat and Bayar, Power production e Carbon dioxide emissions L
2010 systems generally e Efficiency
¢ Fresh water consumption
e Land use
e Social effects
e Unit energy cost
Rotella et al,, 2012 Hard machining e Cutting force L
system e Material removal rate
e Mechanical power
e Thrust force
e Wear rate
e White layer thickness
Coelho etal,, 2012 Ten different e Area required by treated waste L

waste-to-energy
plants

e Chemicals and additives consumption by
treated waste

e CO2 emissions by treated waste

¢ Dust emissions by treated waste

e Electricity consumption by treated waste

e Electricity generation by treated waste

e Fossil fuel consumption by treated waste

e Greenhouse gas emissions by treated waste
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Source

Technical system

Indicators

Scale

e Liquid effluents generated by treated waste

e Other gases emitted by treated waste

o Other materials consumed by treated waste

¢ Soil used by treated waste

e Thermal energy generation by treated
waste

e Waste or sub products generated by
treated waste

e Water consumption by treated waste

e Water vapour consumption by treated
waste

Chandrasekaran
and Guha, 2012

Turbofan engine

¢ Emission index of carbon dioxide

¢ Emission index of carbon monoxide
¢ Emission index of hydrocarbons

e Emission index of NOx

e Inlet mass flow

e Net thrust

e Overall efficiency

e Specific fuel consumption

e Thermal efficiency

Abdel-Salam and
Simonson, 2014

Membrane liquid
desiccant air
conditioning
system

e CO emissions

e CO2 emissions

e NOx emissions

¢ PM emissions

e Primary energy consumption
e SOx emissions

Asif and Muneer,
2014

Window (panel &
frame)

¢ Annual CO2 emission - electricity

e Annual CO2 emission - gas

¢ Annual electricity cost

e Annual gas cost

e Annual heat loss

o Life cycle CO2 emission - electricity
o Life cycle CO2 emission - gas

o Life cycle cost - electricity

e Life cycle cost - gas

e Life cycle heat loss

Rahman et al., 2014

Compression
ignition engine

¢ Brake specific fuel consumption

e Carbon monoxide (emission parameter)
¢ Exhaust gas temperature

¢ Hydrocarbons (emission parameter)

¢ Nitrogen oxides (emission parameter)

e Particulate matter (emission parameter)
e Thermal efficiency

Singh et al., 2014

Biodiesel-fuelled
HCCI engine

e CO2 emissions

e Hydrocarbon emissions

e Indicated specific fuel consumption
e Indicated thermal efficiency

e NO emissions

¢ Smoke opacity
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In addition to material and energetic aspects of performance, certain authors in the
sample were also observed to cover economic and social aspects to a limited
extent. For example, as shown in Table 4-5:

e Asif and Muneer (2014) evaluate the following indicators focusing on
economic aspects of a window’s performance alongside various material
and energetic indicators: annual electricity cost; annual gas cost; life cycle
cost of electricity; and life cycle cost of gas.

e Evansetal. (2009) consider SPIs for various renewable energy production
systems. They discuss a range of material and energetic indicators, but also
present the following economic and social indicators: price of electricity
generation; and social impacts.

e Onatand Bayar (2010) consider SPIs for what they term alternative energy
production systems. Again, they discuss a range of material and energetic
indicators, but also present the following economic and social indicators:
unit energy cost; and social effects.

This may be seen to mirror the application of evaluation methods focusing on
economic and social performance in addition to environmental performance under
the sustainability-oriented design philosophies discussed in Section 4.2 (illustrated
in Figure 4-8, Section 4.2.3). All three of the above authors appear to adopt the
concept of sustainable development as the basis for selecting SPIs. Thus, the
assessment of environmental, economic, and social aspects may also be seen to
reflect the three pillars of sustainable development introduced in Chapter 3
(Section 3.3.2) and the triple bottom line as discussed in Section 4.2. The inclusion
of social and economic aspects in certain ad hoc approaches may be contrasted
with the formal evaluation methods discussed below, which, as will be shown,
focus almost exclusively upon material and energetic aspects of performance.

Considering the second category of authors delineated above, i.e. those applying
formal evaluation methods, Ness et al. (2007) provide a review of methods and
tools for assessing sustainability. Under the umbrella of product-related
assessment, they highlight several methods that, as shown in Table 4-6 below,
were found to be applied to technical systems by authors in the literature sample:
life cycle assessment; material flow analysis; energy analysis; exergy analysis; and
emergy accounting. None of these methods are claimed in the literature to be
comprehensive with respect to sustainability performance. However, they all
focus on the material and/or energetic flows associated with a technical system at
varying spatio-temporal scales. Thus, they are considered to be useful for
assessing the sustainability performance of technical systems (Ness et al., 2007;
Gasparatos et al,, 2008; Ulgiati et al.,, 2011; Gagnon et al,, 2012). Each of these
methods was also identified in the engineering design literature sample in Section
4.2.3 (Table 4-4). As shown in Table 4-6, the nature of the indicators associated
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with each method depends primarily upon its particular material and/or energetic
perspective. These perspectives, and the basic procedures involved in each
method, are briefly summarised below.

Table 4-6: Formal sustainability performance evaluation methods applied to technical
systems, and associated SPIs

Evaluation method

Associated indicators

Scale

Sources

Embodied energy
analysis

e Total embodied energy applied

CO2 release
Cumulative energy demand

Embodied energy per unit of output

Energy efficiency

EROI of material and/or energetic

output
GER of outputs
0il equivalent of outputs

0il equivalent intensity per unit of

output
Total oil equivalent applied

G

Raugei et al,, 2005;
Ulgiati et al.,, 2011;
Buonocore et al., 2012;
Cellura etal.,, 2013

Emergy accounting

Adjusted yield ratio
Emergy efficiency index

Emergy from imported resources
Emergy from local non-renewable

resources

Emergy from local renewable

resources
Emergy Sustainability Index
Emergy Yield Ratio

Environmental Loading Ratio

Renewable fraction
Total emergy
Transformity of outputs

Raugei et al., 2005;
Ulgiati et al.,, 2011;
Buonocore et al., 2012;
Moss et al., 2014

Energy analysis

CO2 emissions

Coefficient of Performance
Cooling capacity

Energetic renewability ratio
Energy efficiency

Energy input rate

Energy losses

Energy storage rate

Wet bulb effectiveness
Work output

Balta etal., 2010;
Caliskan et al., 2011b;
Caliskan et al., 2012;
Lietal, 2012;

Sogiit et al., 2012;
Waheed et al., 2014

Exergy analysis

Entropy generation
Environmental effect factor
Exergetic renewability ratio

Exergetic sustainability index
Exergy destruction rate/factor

Raugei et al., 2005;
Balta etal., 2010;
Caliskan et al., 2011a;
Caliskan et al., 2011b;
Ulgiati et al.,, 2011;
Caliskan et al., 2012;

[ ]

[ ]

o Exergy efficiency ‘

e Exergy input rate é‘l et ?l"tz?léé) 12

e Exergy losses ogut et al., ’

e E Aydin et al.,, 2013;
Xergy output rate
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Evaluation method

Associated indicators

Scale

Sources

e Exergy storage rate

e Recoverable exergy ratio

¢ Sustainability index [exergetic]
e Thermodynamic efficiency

e Total exergy input

e Waste exergy ratio

Waheed et al., 2014

Life cycle
assessment

¢ Abiotic depletion potential [Im]

¢ Acidification potential (overall & per

unit of output) [Im]

Carbon footprint (overall & per unit

of output) [Im]

CH4 emissions

Chemical oxygen demand [Im]

Climate change [Im]

e CO emissions

e CO2 emission intensity

e CO2 emissions

CO2 payback time

Dissolved organic carbon

Ecotoxicity potential [Im]

Electricity generation

Energy gain ratio

Energy intensity

Energy payback time

Eutrophication potential [Im]

Fossil depletion [Im]

Global warming potential [Im]

Human toxicity (overall & per unit

of output) [Im]

Land use [Im]

Life cycle embodied energy

Life cycle GHG emissions

Metal depletion [Im]

Net CO2 reduction

Net energy ratio

Non-radioactive waste creation [Im]

Non-renewable energy [Im]

NOx emissions

Odour

e Ozone depletion potential [Im]

e Particulate matter formation [Im]

e Photochemical oxidation (overall &

per unit of output) [Im]

PO4 emissions

Potable water consumption [Im]

Primary energy consumption [Im]

Radioactive waste creation [Im]

Respiratory inorganics [Im]

SOx emissions

e Water consumption/resource
depletion [Im]

Pacca et al., 2007;

Shah et al., 2008;
Ulgiati et al,, 2011;
Buonocore et al., 2012;
Thiers and Peuportier,
2012;

Adams and McManus,
2014;

Antony et al., 2014;

Kim et al., 2014;
Ofori-Boateng and Lee,
2014;

Russell-Smith et al., 2014;
Shahabi et al., 2014;
Uddin and Kumar, 2014

Material flow
accounting

o Abiotic material intensity per unit of
output

Raugei et al,, 2005;
Ulgiati et al.,, 2011;
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Evaluation method | Associated indicators Scale | Sources
¢ Global to local ratio of abiotic Buonocore et al., 2012
material
¢ Global to local ratio of water
demand

e Material intensity, air factor

e Material intensity, biotic factor

¢ Total abiotic material requirement
e Total water demand

e Water demand per unit of output

Life cycle assessment (LCA):

LCA was introduced in Chapter 3 (Section 3.5.2.1), where three different forms
were discussed: (i) what is typically termed “life cycle assessment” in the
literature, focusing on environmental aspects of performance; (ii) social life cycle
assessment, focusing on social aspects of performance; and (iii) life cycle costing,
focusing on costs, i.e. financial performance. Itis (i) that was found to be applied to
technical systems by authors in the literature sample, as shown in Table 4-6.
However, it should be noted that both (ii) and (iii) were identified in the
engineering design literature sample in Section 4.2.3 (Table 4-4). According to
Russell-Smith et al. (2014, p.1), the purpose of LCA is “to quantify the energy and
material flows associated with each life cycle stage from raw material extraction
through material processing, manufacture, distribution, use and maintenance, and
end-of-life for a given product or service.” As noted in Chapter 3, LCA has been
standardised by the International Standards Organisation in ISO 14040 and 14044
(Ulgiati et al,, 2011), and involves four procedural steps: (i) goal and scope
definition; (ii) life cycle inventory analysis; (iii) life cycle impact assessment; and
(iv) interpretation of results (Ofori-Boateng and Lee, 2014).

Impact indicators are typically associated with LCA, although authors may be seen
to evaluate other types of indicator under a life cycle perspective, i.e. considering
performance throughout the full life cycle (e.g. Ulgiati et al.,, 2011). Impact
indicators are appended with ‘[Im]’ in Table 4-6. These indicators focus on various
environmental aspects (e.g. climate change, acidification, eutrophication, ozone
depletion, and so on), and are evaluated by assigning material/energetic flows to
impact categories and converting them to equivalent units so that they may be
compared and consolidated (SAIC, 2006). Impact indicators are typically
evaluated at either: the global scale, considering the full life cycle from extraction
and processing through to recycling and disposal (e.g. Antony et al., 2014); or the
regional scale, considering the manufacturing, operation, and potentially recycling
and disposal phases (e.g. Shahabi et al,, 2014).
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Material flow analysis:

According to Raugei et al. (2005, p.124), the purpose of material flow analysis
(MFA) is “to evaluate the environmental disturbance associated with the
withdrawal or diversion of resources from their natural ecosystemic pathways.”
Material intensity (MI) indicators are typically associated with MFA (Raugei et al.,
2005; Ulgiati et al.,, 2011), and may be viewed as global scale indicators (Ulgiati et
al,, 2006). To evaluate Ml indicators, data is first gathered to quantify the material
flows into a system. Each flow is then multiplied by predefined material intensity
factors to account for “the total amount of abiotic matter, water, air and biotic
matter that is directly or indirectly required in order to provide that [...] input to
the system” (Raugei et al,, 2005, p.124). Finally, for each material category the
material intensity values calculated for the input flows are summed to yield total
values for the categories (i.e. abiotic material, biotic material, air, and water).
These indicators are intended to provide a “quantitative measure of [the system’s]
cumulative environmental burden” with respect to each category (Ulgiati et al.,
2006, p.435). Additional indicators may also be defined and evaluated by authors
applying MFA, e.g. global to local ratios of material intensities, and material
intensities per unit of output (Ulgiati et al,, 2011) as shown in Table 4-6.

Energy analysis:

Two types of energy analysis approach may be identified in the literature on
sustainability performance evaluation. The first, simply termed “energy analysis”
(EnA) in Table 4-6, is typically carried out at the local scale, focusing on the energy
consumed directly by a system during its operation (Balta et al,, 2010). EnA
typically involves writing thermodynamic energy balances or developing
quantitative models of the system (Balta et al., 2010; Caliskan et al., 2012; Waheed
et al.,, 2014), and evaluating indicators focusing on aspects such as energy
efficiency (Sogit et al.,, 2012), energy input (Caliskan et al., 2011b), and energy
losses (Waheed et al., 2014) as shown in Table 4-6. Indicators focusing on
emissions, particularly CO2, may also be evaluated as part of EnA (Caliskan et al.,
2012). In certain cases, indicators focusing on system-specific aspects may also be
defined, e.g. wet bulb effectiveness for cooling systems (Caliskan et al.,, 2012). EnA
is commonly combined with exergy analysis (e.g. Balta et al,, 2010; Caliskan et al.,
2012), another local scale method, which is discussed below.

Embodied energy analysis:

The second type of energy analysis approach identifiable in the literature is known
as embodied energy analysis (EEA). According to Ulgiati et al. (2006, p.435), EEA
“deals with the gross (direct and indirect) energy requirement of [an] analysed
system.” Unlike EnA, EEA is carried out at the global scale, considering the full life
cycle (Ulgiati et al., 2006). The indicators typically associated with EEA include oil
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equivalents for the material and energy inputs to the system, total oil equivalent
applied, and the Gross Energy Requirement (GER) (Buonocore et al., 2012) as
shown in Table 4-6. To calculate oil equivalents, data is first gathered on the
material and energetic inputs to the system. Each input is then multiplied by an oil
equivalent factor to determine its equivalent magnitude in terms of grams of oil
per unit of input. The cumulative oil equivalent is then the sum of the oil
equivalents for individual inputs (Ulgiati et al., 2006; Buonocore et al., 2012).
According to Ulgiati et al. (2006, p.435), the GER expresses “the total commercial
energy requirement of one unit of output in terms of equivalent Joules of
petroleum.” Buonocore et al. (2012, p.74) suggest that only non-renewable inputs
should be included in the evaluation of GER, as it is “concerned with the depletion
of fossil energy.” Energy efficiency indicators may also be associated with EEA, as
shown in Table 4-6. In this respect, Ulgiati et al. (2006, p.435) suggest that the
method “offers useful insight on the first-law energy efficiency of [an] analysed
system on the global scale.” This may be contrasted with EnA above, which
evaluates energy efficiency at the local scale.

Exergy analysis:

Gasparatos et al. (2009b, p.957) define exergy, or “available energy,” as “the
maximum work that can be extracted from a system when this system moves
towards thermodynamic equilibrium with a reference state.” In short, exergy
accounts for the “usefulness or quality or potential to cause change” inherent in a
particular energy form. According to Balta et al. (2010, p.1320), exergy analysis
(ExA) therefore enables “the locations, types, and true magnitudes of wastes and
losses [in a system] to be determined,” leading to “more efficient energy-resource
use.” ExA typically involves writing exergy balances or developing quantitative
models of the system being evaluated (Caliskan et al., 2011b; Waheed et al., 2014),
in a similar vein to EnA discussed above.

A key indicator associated with ExA is exergy efficiency (Rosen and Dincer, 2001;
Balta et al., 2010) , also known as second law efficiency (Raugei et al., 2005;
Hepbasli, 2008). Certain authors suggest a direct relationship between exergy
efficiency and environmental impact (e.g. Rosen and Dincer, 2001; Gasparatos et
al,, 2009b), with increased exergy efficiency corresponding to reduced impact
(although others are more cautious in this respect, e.g. Ulgiati et al. (2006)). As
shown in Table 4-6, a range of other indicators may be evaluated through ExA,
focusing on similar aspects to the energy indicators discussed above e.g. exergy
input and exergy losses (Caliskan et al., 2012; Waheed et al., 2014).

As noted above, ExA may be applied in conjunction with EnA (e.g. Caliskan et al.,
2012; Waheed et al., 2014), to obtain views on both the first and second law
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efficiencies of a system. Like energy analysis, ExA is typically viewed as a local
scale method, focusing primarily on performance during the operation phase of the
life cycle (Ulgiati et al.,, 2006). However, certain authors may be observed to carry
out exergy analysis from a life cycle perspective, i.e. considering all life cycle stages
(Ofori-Boateng and Lee, 2014).

Emergy accounting:

The final method commonly applied to evaluate the sustainability performance of
technical systems is emergy accounting (EmA), sometimes called emergy analysis
(Moss et al,, 2014). Like EnA, EEA, and ExA above, EmA is an energy-based method
(Ness etal, 2007). According to Ulgiati et al. (2006, p.435), EmA “looks at the
environmental performance of the system on the global scale.” However, in
comparison to the other major global scale energy-based method, i.e. EEA, EmA is
broader in scope, “taking into account all the free environmental inputs such as
sunlight, wind, rain, as well as the indirect environmental support embodied in
human labour and services.”

Moss et al. (2014, p.392) state that EmA employs various environmental indices to
quantify and compare “the contribution of renewable and non-renewable
components of labor, materials, and feedstocks” to a system, in order to
“determine the ability of a system or process to efficiently and sustainably produce
products over time.” Key indicators associated with EmA include a range of
indices relating the renewable and non-renewable aspects touched upon above,
including the Environmental Loading Ratio and the Emergy Yield Ratio (Buonocore
etal., 2012; Moss et al., 2014) as shown in Table 4-6. Also associated with EmA is
the Emergy Sustainability Index, which essentially relates the emergy yielded by a
system to the system’s environmental burden (Moss et al., 2014). To evaluate
emergy indices, all flows of material and energy into a system must first be
accounted for “in terms of their solar emergy, defined as the total amount of solar
available energy (exergy) that was directly or indirectly required to make a given
product or to support a given flow, and measured in solar equivalent Joules (se]).”
Measuring the total emergy requirement of the system provides “an indication of
the total appropriation of environmental services” by the system (Ulgiati et al.,
2006, pp.435-436).

4.4 Summary

This chapter has presented a review of research on sustainability in a technical
systems context, aiming to provide an overview of the key concepts involved, as
well as perspectives on sustainability and its nature in this area. In Section 4.1, the
nature of technical systems was explored:
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technical systems are developed through the processes of engineering
design/systems engineering, in response to human needs;

the technical system life cycle may be viewed as consisting of four key
stages: (i) extraction and processing of raw materials, (ii) manufacturing
(including design and development, and also transportation of
components), (iii) system operation, and (iv) recycling and disposal;

a technical system meets human needs during the operation stage of the life
cycle, by fulfilling the function(s) it was designed for through purposeful
behaviour that is manifested through the system’s structure and its
interactions with its environment;

a technical system may be generally defined as a system comprised
primarily of artificial components, where most of the structural parameters
have been defined by humans so that the system will behave in a particular
way; and

design may be viewed as a key activity with respect to improving the
sustainability of technical systems, with the early stages of design holding
the greatest potential in this respect.

Given the potential significance of design with respect to the sustainability of

technical systems, research on sustainability-oriented engineering design was

reviewed in Section 4.2:

as an element of product development processes that in turn form part of
an organisation’s business processes, design may be viewed as ultimately
contributing to the socio-economic development process forming the focus
of the sustainable development concept introduced in Chapter 3;
sustainability considerations have been increasingly integrated into design
with the intention of fostering a greater sense of ethical responsibility in
designers, and improving the environmental, economic, and/or social
impacts of design;

there are two central means by which sustainability considerations may be
integrated into engineering design: (i) the development of sustainability-
oriented design philosophies; and (ii) the development of new design
methods/tools to tackle sustainability challenges, and the modification of
existing ones;

five major S-philosophies were identified from a sample of 83 sources
drawn from the engineering design literature, and then grouped and
differentiated on the basis of their aims and perspectives: design for
environment (DfE) and ecodesign (ED); design for sustainability (DfS) and
sustainable design (SD); and whole system design (WSD);
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170 design methods and tools positioned by authors as useful in
sustainability-oriented engineering design were also identified from the
above sample, and categorised according to the kinds of design activity they
are intended to support: creating; decision making; evaluation and
analysis; modelling and simulation; and optimisation;

identified methods and tools were organised with respect to the design
activities they are intended to support, and the S-philosophies they are
associated with by authors in the literature, to produce the Design
Sustainability Matrix (DSM), a visual representation of the state of the art in
sustainability-oriented engineering design; and

30.6% of the total methods and tools identified from the sample were found
to focus on evaluation of the environmental, economic, and/or social
performance of technical artefacts, suggesting that performance evaluation
is an area receiving relatively significant attention in sustainability-oriented
design.

Finally, it was shown that information on the sustainability performance of
technical systems may be required in a broader organisational context (e.g. to
compile an organisational sustainability report), as well as during engineering
design. Thus, in Section 4.3, the literature on sustainability performance
evaluation of technical systems in this wider context was reviewed:

the sustainability performance of technical systems is typically evaluated
using sustainability performance indicators (SPIs) focusing primarily upon
a system'’s material and energetic performance during the life cycle,
although limited economic and social aspects may also be covered by
certain authors;

the sustainability performance of technical systems may be evaluated
across different portions of the life cycle, and either retrospectively
(evaluating actual system performance due to past life cycle activities) or
prospectively (evaluating potential system performance due to future life
cycle activities);

the sustainability performance of technical systems may be carried out at
different spatio-temporal scales, i.e. local (considering only direct material
and energetic inputs/outputs due to system operation), regional
(additionally considering indirect inputs/outputs due to manufacturing and
recycling/disposal), and global (additionally considering indirect
inputs/outputs due to extraction and processing of raw materials used to
manufacture the system);

performance that appears to be sustainable at one spatio-temporal scale
may be deemed to be unsustainable at another, i.e. the spatio-temporal
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scale of evaluation may be viewed as a key factor influencing the
interpretation of a technical system’s sustainability performance;

e SPIs for technical systems may be defined and evaluated through either ad
hoc approaches (relying primarily on the assessors’ knowledge of the
system and sustainability generally), or formal evaluation methods
(outlining procedures for the definition and evaluation of SPIs); and

e six formal evaluation methods were identified from a sample of 43 sources
evaluating the sustainability performance of technical systems, and all were
observed to focus exclusively on material and energetic performance: life
cycle assessment; material flow analysis; energy analysis; embodied energy
analysis; exergy analysis; and emergy accounting.

In Chapter 5, the literature on the sustainability of society reviewed in Chapter 3 is
considered alongside the literature on sustainability in a technical systems context
reviewed in this chapter, leading to identification of three key issues to be tackled
by research in these areas. In turn, the focus of the research documented in this
thesis is defined.
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5 Definition of research focus

In Chapter 3, sustainability research spanning multiple sectors of society was
reviewed. Three viewpoints on the sustainability concept were determined
(Figure 3-2, Section 3.3.1), namely: V1 - lexical definitions of sustainability
(Section 3.1.1); V2 - sustainability objectives, encompassing what is to be
sustained and for how long (Section 3.1.2); and V3 - interpretations of the basic
constitution of sustainability (Section 3.2). Sustainability goals were identified as
the means by which humans shift activities and systems towards sustainability
(Section 3.4), and an overview of approaches to sustainability assessment was
provided (Section 3.5). Technical systems were introduced as ubiquitous elements
of manufactured capital throughout the sectors reviewed, driving economic
production and consumption and ultimately, the societal progress that may result
from economic activity. It was shown that the sustainability of technical systems is
increasingly under scrutiny, owing primarily to the realisation that they may
potentially have significant impacts on the wider Earth system (Section 3.6).

In Chapter 4, research on sustainability in a technical systems context was
reviewed, to provide an overview of the key concepts involved and perspectives on
sustainability and its nature in this area. It was shown that a technical system may
be viewed as a system comprised primarily of artificial components, where most of
the structural parameters have been defined by humans so that the system will
behave in a particular way (Section 4.1). Engineering design was highlighted as a
key activity with respect to improving the sustainability of technical systems, and
it was shown how sustainability considerations have been integrated into design
via sustainability-oriented design philosophies (S-philosophies), methods, and
tools (Section 4.2). Sustainability performance evaluation of technical systems was
in turn revealed to be an important activity during engineering design, and also in
a broader organisational context (Section 4.3).

In this chapter, the findings from Chapters 3 and 4 are discussed. Conclusions that
may be drawn from the findings are elaborated, leading to the identification of
three salient issues for sustainability research in Sections 5.1 - 5.3. Namely, these
are the lack of a:
[1. consistent view on how the sustainability of human activities and systems
can be improved (Section 5.1);
[2. common approach for identifying appropriate sustainability performance
indicators (SPIs) for technical systems (Section 5.2); and
[3. fundamental formalism to describe the constitution of sustainability
generally and in turn, sustainability of technical systems (Section 5.3).
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The research aim is subsequently defined on the basis of these issues in Section
5.4. A brief summary of the chapter is provided in Section 5.5.

5.1 Sustainability improvement of human activities and
systems

The first issue for sustainability research to emerge from the initial literature
reviews pertains to consistency in sustainability improvement efforts. As
discussed in Chapter 3, different people in different contexts have different
conceptions of sustainability, based on different perspectives regarding the
meaning and constitution of sustainability, and pursue different sustainability
objectives owing to differences in values. In this respect, Hannon and Callaghan
(2011, p.877) remark that organisations “are faced with a high degree of
uncertainty and competing interests in attempting to move towards
sustainability.” They suggest that “the lack of a unified and rigorous understanding
of sustainability means that sustainability initiatives are often ineffectual.” This
point is made in a business context, but is readily translatable to society as a whole.
As highlighted in Chapter 3, differences in perspectives on the meaning, value, and
constitution of sustainability extend across different research categories focusing
on different activities and systems within society (illustrated in Figure 3-3 and
Table 3-1 in Chapter 3). As a result of these variations, Kajikawa (2008, p.218)
remarks that “solutions tend to be sustainable within sectors rather than across
the whole of society.”

Lindsey (2011, p.561) provides what is arguably a succinct summary of the state of
the art in sustainability research: “While there seems to be considerable
consensus that a more sustainable society is in the best interest of everyone,
opinions regarding what sustainability really means and how to achieve it are as
diverse as the entities striving for it.” Owing to the involvement of uncertainty,
multiple interpretations, and discordant values, improving the sustainability of
human activities and systems has been framed as a “wicked problem” by authors
(Wahl and Baxter, 2008; Metcalf and Widener, 2011). That is, one of “a class of
social system problems which are ill-formulated, where the information is
confusing, where there are many clients and decision makers with conflicting
values, and where the ramifications of the whole system are thoroughly confusing”
(Churchman, 1967, p.141). Lindsey (2011, p.561) highlights the need for a
common frame of reference among people with different perspectives and values
in efforts to improve sustainability, calling for the development of “a consistent
framework for human effectiveness in achieving sustainability.”
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The need for consistency in sustainability improvement efforts is also reflected in
the literature on sustainability of technical systems reviewed in Chapter 4. For
instance, Alfaris et al. (2010, p.1) state that a “multidomain design approach” is
required in the design of large-scale, complex technical systems. Similarly,
multidisciplinary working is a key feature of the conventional systems engineering
process (Blanchard and Fabrycky, 1981) that forms the basis of an approach to
sustainable whole system design proposed by Stasinopoulos et al. (2009). Thus,
designing a sustainable technical system may involve designers from different
disciplines, who may hold different values and perspectives on sustainability as
discussed above in a societal context. Consequently, Alfaris et al. (2010, p.1)
suggest that designing a sustainable “large-scale complex system” requires
designers to adopt “a systematic approach toward integrated design of all
subsystems” in order to avoid “suboptimality.” That is, the achievement of
sustainability in one part of the system at the expense of sustainability in other
parts.

From the above, it may be concluded that the literature is lacking a consistent view
on how the sustainability of human activities and systems can be improved. Given
that the lack of a unified understanding among different people involved in a
system (e.g. society, an organisation, or a large scale technical system) in turn
reduces the effectiveness of efforts to improve sustainability at the whole system
level, this may be viewed as a key issue to be addressed in sustainability research.

5.2 Identification of SPIs for technical systems

A second issue for sustainability research, relating to the identification of
appropriate SPIs for technical systems, was found to emerge from the literature
reviewed in Chapter 4. As discussed in Sections 4.2 and 4.3, information on the
sustainability performance of technical systems is needed in the context of both
the engineering design process and the wider organisation. In the former context,
the information may be used to identify areas for product improvements or to
select the most sustainable option from a range of concepts, i.e. to support decision
making. In this respect, performance evaluation was identified as an activity
receiving relatively significant attention in sustainability-oriented design in
Section 4.2.3. In the latter context, the information may be used by: the
organisation per se for management purposes; the organisation’s competitors for
benchmarking purposes; and consumers as a basis for purchasing decisions.

In Section 4.2.3, a breakdown of different types of performance evaluation

methods identified from the engineering design literature sample was presented
(Figure 4-10). That is, performance evaluation methods focusing on: economic

124



Chapter 5 Definition of research focus

and social performance; environmental performance; and integrated
environmental, economic, and/or social performance. This may be seen to reflect
the aims of the major S-philosophies identified in Section 4.2.2, i.e. to improve the
environmental, economic, and/or social performance of technical artefacts.
Nonetheless, a notable focus on environmental performance was observed in the
sample: 75% of the performance evaluation methods identified were found to
focus solely on environmental performance, as opposed to economic and social
performance (13.5%) and integrated environmental, economic, and/or social
performance (11.5%).

In Section 4.3, the literature on sustainability performance evaluation of technical
systems in a broader organisational context was reviewed. Authors were observed
to apply a combination of ad hoc approaches and formal evaluation methods to
define and evaluate sustainability performance indicators (SPIs). With respect to
the evaluation of environmental, economic, and social performance, a notable
focus on environmental performance was once again observed. That is, the
majority of authors were seen to evaluate environmental aspects of performance
alone. Certain authors applying ad hoc approaches were observed to evaluate
economic and social aspects to a limited extent. In contrast, formal evaluation
methods were found to focus almost exclusively on environmental aspects. In
cases where economic and social aspects were measured alongside environmental
aspects, it appears that the three pillars of sustainable development (introduced in
Chapter 3, Section 3.3.2) or the triple bottom line (introduced in Chapter 4, Section
4.2) is adopted as the basis for identifying SPIs. However, as noted in Section 5.3
below, sustainable development is not equivalent to the sustainability of technical
systems. Sustainable development refers to the sustainability of socio-economic
development, i.e. a higher-order process that engineering design ultimately
contributes to. Thus, it is not apparent why environmental, economic, and social
aspects of performance are considered to be relevant in sustainability performance
evaluation of technical systems.

Considering environmental performance evaluation methods alone, a number of
methods were found to be applied in both an engineering design context and a
broader organisational context. Namely, these were: life cycle assessment;
material flow analysis; energy analysis; exergy analysis; and emergy analysis. The
nature of these methods and the SPIs they employ was examined more closely in
Section 4.3, i.e. considering the literature sample focusing on sustainability
performance evaluation in an organisational context. All of the methods were
classified as evaluating the material and energetic performance of technical
systems, and similarities may be detected across certain methods with respect to
the broad areas being measured (e.g. material/energy consumption, and waste
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production). However, the specific indicators applied vary from method to method
(as shown in Table 4-6 in Section 4.3.2). This raises the question of what material
and energetic aspects should fundamentally be measured in sustainability
performance evaluation of technical systems.

From the above, it may be concluded that there is a lack of clarity regarding which
of the plethora of indicators reported in the literature, if any, constitute
appropriate SPIs for technical systems. In their work on design performance,
0’Donnell and Duffy (2005, p.10) argue that to ensure appropriateness,
performance indicators “should be derived from a model of the activity/process
under investigation.” A notable observation in this respect is that none of the
methods commonly applied to evaluate the sustainability performance of technical
systems appear to be based on a model of technical system sustainability. Thus, it
is not immediately clear why the indicators associated with these methods should
be considered relevant in an evaluation of a technical system'’s sustainability
performance. O’'Donnell and Duffy (2005, p.10) further suggest that indicators
defined for a particular system should reflect “aspects that are specific to the scope
of investigation.” The behaviour of technical systems may vary considerably
depending on aspects such as system function, structure, and environment and as
such, the specific SPIs considered to be relevant are likely to differ from system to
system. This suggests that applying the same evaluation method and SPIs across
different technical systems may not be an appropriate means to evaluate
sustainability performance. In this respect, O’'Donnell and Duffy (2005, p.10) argue
that “the means by which the most appropriate metrics [indicators] may be
defined for any particular situation is considered to be of most importance, rather
than the actual metrics themselves.” In other words, a common approach to
indicator identification is needed, rather than common sets of indicators.

On the basis of the above, it is suggested that a common approach, grounded in a
model of technical system sustainability, is needed to support the identification of
appropriate SPIs for technical systems. Such an approach could potentially
integrate existing methods and indicators that are not necessarily based on models
of technical system sustainability, but may nonetheless hold relevance from a
sustainability perspective. Thus, the lack of a common approach for identifying
SPIs for technical systems may be viewed as a second salient issue for
sustainability research.

5.3 The constitution of sustainability

A final research issue, focusing on the basic constitution of sustainability, was
found to emerge from the literature on both the sustainability of society (Chapter
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3) and sustainability of technical systems (Chapter 4). Firstly, in Section 3.2 of
Chapter 3, it was shown that four different interpretations of the basic constitution
of sustainability may be identified in the literature. That is, sustainability
constituting: (i) an ability; (ii) a property of an entity; (iii) a process of change; and
(iv) a state of an entity. As discussed in Section 3.3.1, different types of
sustainability discussed by authors in different sectors seem to be based on
different interpretations in this respect (illustrated in Table 3-1). Furthermore,
there are conflicting views regarding the differentiation of sustainability from
sustainable development. Commentary from certain authors suggests that the two
concepts are equivalent, whilst others indicate that sustainable development is
simply one application of the sustainability concept. Consequently, it may be
concluded from the literature reviewed in Chapter 3 that there is a lack of clarity
regarding the basic constitution of sustainability. This may be seen to be
supported by Hannon and Callaghan (2011, p.877), who argue that “the diffusion
and popularity of the term sustainability with relatively little corresponding
rigorous and grounded conceptualization may have created confusion over the
basic concepts of sustainability.”

Whilst multiple interpretations of the basic constitution of sustainability may be
identified in the literature on sustainability of society, it seems that this viewpoint
has received little attention in the literature on sustainability of technical systems.
Considerable research effort has been spent on trying to characterise the
sustainability of the design activity, in the form of various sustainability-oriented
philosophies laying out perspectives on what it means to, for instance, “design for
sustainability” or carry out “sustainable design” (Chapter 4, Sections 4.2.1 and
4.2.2). In contrast, few authors detail the constitution of sustainability of the
design artefact, i.e. technical systems as discussed below.

As shown in Sections 4.2.2.1 and 4.2.2.2, certain S-philosophies identified from the
engineering design literature sample were inferred as being oriented towards
different types of sustainability: DfE/ED towards environmental sustainability, i.e.
the delivery of environmentally sustainable artefacts; and DfS/SD towards
environmental, economic, and social sustainability, i.e. the delivery of
environmentally, economically, and socially sustainable artefacts. In each case,
these inferences were made on the basis of references to a focus on improving the
environmental, economic, and/or social impacts of technical artefacts made by
authors discussing the philosophies. However, whilst certain authors may be seen
to state the terms “sustainability” or “sustainable,” none of the authors discussing
DfE/ED and DfS/SD in the literature sample were seen to explicitly detail the basic
constitution of sustainability of technical systems, i.e. the design artefact. For
example:
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e In the context of DfS, Alfaris et al. (2010, p.1) present a design methodology
“for addressing design problems of complex sustainable systems” -
however, they do not define what a complex sustainable system is. They
also remark that “an integrated cross-domain approach is needed to create
overall sustainability in engineered systems,” and refer to “sustainable
design solutions.” However, again, they do not detail the basic constitution
of sustainability of engineered systems, or what constitutes a “sustainable
design solution.”

¢ In the context of DfS, Mayyas et al. (2012a, pp.1856-1859) make numerous
references to the development of “sustainable products,” and write of the
demand for “more sustainable vehicles in terms of fuel efficiency and less
environmental impacts.” Nonetheless, although they may be seen to outline
criteria that a vehicle should meet in order to be sustainable, they do not
explicitly detail what constitutes a “sustainable vehicle” or “sustainable
product.”

e In the context of ED, Collado-Ruiz and Ostad-Ahmad-Ghorabi (2010, p.494)
remark that “[it] is critical to preserve creativity in the design team if truly
sustainable solutions are expected to be attained,” but they do not detail
what constitutes a “sustainable solution.”

e Finally, in the context of SD, Chiu and Chu (2012, p.1259) highlight that
there is a “need to implement sustainability at early stages of a product’s
life cycle.” They go on to make references to the sustainability of “products,
processes, and systems,” as well as “sustainable design concepts.”
Nonetheless, they do not detail the basic constitution of sustainability of
products, processes, and systems, or what constitutes a “sustainable design
concept.”

Cited by numerous authors in the field, Charter and Tischner (2001, p.17) provide
a broad definition of a sustainable design solution in the context of product design
and development and the SD philosophy:

“Sustainable solutions are products, services, hybrids or system changes that
minimise negative and maximise positive sustainability impacts — economic,
environmental, social, and ethical - throughout and beyond the life-cycle of existing
products or solutions, while fulfilling acceptable societal demands/needs.”

However, they define a “sustainable solution” in terms of “sustainability impacts,”
without defining what is meant by “sustainability” in this context. Thus, it remains
unclear what constitutes a sustainable solution, sustainability impacts, and
sustainability per se. Later in the same publication, Tischner and Charter (2001,
pp.118-120) discuss the contribution of “sustainable product design” and
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“sustainable products” to “sustainable development” (introduced in Chapter 3,
Section 3.3.2), a “sustainable society,” and “sustainable consumption and
production.” However, they do not detail what constitutes a “sustainable product.”
Furthermore, definitions of sustainable development and sustainable consumption
and production are definitions of sustainability of development, consumption, and
production i.e. the higher-order processes illustrated in relation to design in Figure
4-4 (Section 4.2.1), rather than definitions of sustainability of technical artefacts.

As discussed in Section 4.2.2.3, WSD was observed to be oriented towards system
sustainability - that is, the delivery of sustainable systems. Authors were found to
explicitly highlight “technical engineered systems” (Stasinopoulos et al., 2009, p.3)
and “product systems” (Fiksel, 2003, p.5331) as the technical artefact in this
context. Fiksel (2003, p. 5331) defines a sustainable “product system” as “one that
continues, possibly with design modifications, to meet the needs of its producers,
distributors, and customers.” In Section 4.2.2.3, Stasinopoulos et al. (2009, p.3)
were shown to outline a “description of a sustainable [technical engineered]
system.” To paraphrase the authors, they argue that sustainable systems:
consume resources within ecological limits; produce waste within ecological
limits; have minimal negative and maximum positive ecological impacts; provide
long term benefits, and useful and socially accepted services for society; and are
cost effective, have a reasonable return on investment over the life cycle, and are
preferably immediately profitable. However, the definitions provided by both
Fiksel (2003) and Stasinopoulos et al. (2009) may be viewed as detailing criteria a
technical artefact’s behaviour should meet in order to be sustainable, rather than
the basic constitution of sustainability of technical systems per se. Also in the
context of WSD, Blizzard and Klotz (2012, p.475) remark that “whole systems
design is an approach that offers designers the opportunity to holistically optimize
solutions for social, environmental, and economic sustainability.” This suggests
that system sustainability may have environmental, economic, and social
dimensions, something which may be seen to be reflected in the list of criteria
provided by Stasinopoulos et al. (2009) above. Nonetheless, Blizzard and Klotz
(2012) do not explicitly detail the basic constitution of sustainability of a technical
system.

Above, it was concluded that there is a lack of clarity regarding the basic
constitution of sustainability in a general societal context. Multiple, seemingly
conflicting interpretations may be identified in the literature. In the literature on
sustainability of technical systems, interpretations of the constitution of
sustainability are rarely explicated. On this basis, it may be concluded that there is
also a lack of clarity regarding the basic constitution of sustainability of technical
systems, although this arises for different reasons than in the broader literature.
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This conclusion may be seen to be supported to a certain degree by Azkarate et al.
(2011, p.165), who remark that “it is not clear in an operational way what
sustainability means applied to different industries and products.” According to
Sim (2000, p.17), researchers typically “understand and explain natural
phenomena or human behaviour phenomena” using abstract formalisms such as
theories and models. Thus, a general theory or model describing the basic
constitution of sustainability could potentially provide clarity in this area.
However, as highlighted by Hannon and Callaghan (2011, p.877) above, the
literature is lacking any “rigorous and grounded conceptualization” of this nature.
Thus, the lack of a fundamental formalism to describe the constitution of
sustainability, both generally and in a technical systems context, may be viewed as
a third key issue for sustainability research.

5.4 Research focus

Three issues for sustainability research that were found to emerge from the
literature reviewed in Chapters 3 and 4 were discussed in Sections 5.1 - 5.3. In
summary, these are the lack of a:
[1. consistent view on how the sustainability of human activities and systems
can be improved (Section 5.1);
[2. common approach for identifying appropriate SPIs for technical systems
(Section 5.2); and
[3. fundamental formalism to describe the constitution of sustainability
generally and in turn, the sustainability of technical systems (Section 5.3).
The research aim is defined on the basis of these issues in the following
paragraphs.

With respect to issue I3, it was highlighted in Section 5.3 that two kinds of
formalism are typically used by researchers to explain natural and human
behaviour phenomena: theories and models. As stated by Sim (2000, p.17),
theories may be viewed as “general statements which make no reference to and do
not depend upon particular instances of the phenomenon they are supposed to be
theories about.” Models are considered to be “abstract organisational ideas
derived from inferences based on observations.” A key purpose of building models
“is to make observations more comprehensible.” Sim distinguishes between
theories and models, stating that whilst “models do not actually constitute a
theory, a theory can emerge when there are feasible explanations as to why a
model behaves as it does.” Thus, a model of a particular phenomenon may be
viewed as a precursor to the development of theories about that phenomenon. As
such, a general model describing the basic constitution of sustainability of
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technical systems could provide a basis for the future development of theories
about the phenomenon of sustainability in this context.

In addition to increasing knowledge of the basic constitution of sustainability as
discussed above, a generic model of technical system sustainability could also
contribute to addressing issues I1 and 12 stated above. Firstly, with respect to
issue I1, it has been suggested that “the transition towards a sustainable human
presence in the world is the wicked problem for design in the twenty-first century”
(Wahl and Baxter, 2008, p.75). Buchanan (1992, p.16) highlights ten properties of
wicked problems as defined by Rittel and Webber (1973). Among these is the
notion that for “every wicked problem there is always more than one possible
explanation, with explanations depending on the Weltanschauung [worldview] of
the designer.” Meadows (1998, p.6-8) states that worldviews are “mental models
about the very nature of reality,” which vary “enormously” from person to person.
She highlights that this is “one reason why we have trouble agreeing upon common
indicators with which to inform our decisions” in efforts towards sustainability. It
may also be viewed as a reason for the multiple conceptions of sustainability
identifiable in the literature, and the differences in sustainability objectives
pursued across society. Thus, to foster a consistent view on sustainability
improvement among different people, there is a need to reconcile potentially
misaligned or conflicting perceptions resulting from differences in worldviews.
Meadows (1998, p.9) suggests that common models “can be a tool for expanding,
correcting, and integrating worldviews.” In this respect a generic model of
sustainability, that can be applied in different contexts and to different systems,
could provide the basis for a more consistent view on sustainability improvement.

Finally, with respect to issue 12, it was highlighted in Section 5.2 that to ensure
appropriateness, performance indicators “should be derived from a model of the
activity/process under investigation” (O’'Donnell and Duffy, 2005, p.10). Thus, an
approach for identifying appropriate SPIs for technical systems should be based on
a model of technical system sustainability. Furthermore, given the need for a
common approach to this activity, it is necessary that this model is broadly
applicable across different technical systems. Thus, in addition to supporting a
more consistent view on sustainability improvement, a generic model of technical
system sustainability could also provide the basis for a common approach to the
identification of appropriate SPIs for technical systems.

Following on from the above discussion, it may be stated that the research

reported in this thesis aims to develop a generic model of technical system
sustainability, to address the lack of a: (i) consistent view on sustainability
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improvement, (ii) common approach to identifying appropriate SPIs, and (iii)
fundamental formalism of sustainability.

5.5 Summary

In this chapter, the findings from Chapters 3 and 4 have been discussed in order to
define the focus of the research documented in this thesis. Conclusions drawn
from the findings were elaborated in Sections 5.1, 5.2, and 5.3, leading to the
identification of three salient issues for sustainability research. In summary, these
are the lack of a:
[1. consistent view on how the sustainability of human activities and systems
can be improved (Section 5.1);
[2. common approach for identifying appropriate SPIs for technical systems
(Section 5.2); and
[3. fundamental formalism to describe the constitution of sustainability
generally and in turn, the sustainability of technical systems (Section 5.3).

In Section 5.4, it was shown that the development of general theories and models
provides a means for researchers to explain natural and human behaviour
phenomena, with models providing the foundation for theories. As such, it was
suggested that the development of a general model provides a means to describe
the basic constitution of sustainability in order to address issue I3, and a
foundation for the future development of theories about the sustainability of
technical systems. Furthermore, it was demonstrated how a generic model of
technical system sustainability could also address issues I1 and [2. Firstly, with
respect to 11, it was shown that to foster a consistent view on sustainability
improvement, potentially misaligned or conflicting perceptions resulting from
differences in worldviews may be reconciled through the use of a common (i.e.
generic) model of sustainability. Secondly, with respect to 12, it was shown that to
ensure appropriateness, SPIs for technical systems should be derived from a model
of technical system sustainability. A generic model of this nature, i.e. one that can
be applied to different technical systems, could therefore provide the basis for a
common approach for identifying SPIs for technical systems.

Duffy and O’Donnell, (1998, p.39) outline a framework for conducting research
within the design domain. They argue that models are “built and influenced by
findings in literature, experiments, known theories and reality.” Furthermore, Sim
(2000, p.17) suggests that models are “derived from inferences based on
observations.” These views highlight two objectives to be carried out in order to
achieve the research aim:
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1. Inductive literature research to identify model elements and the
relationships among them.
2. Evaluation of the model through application to technical systems in
industry and expert appraisal.
These objectives form the focus of Chapters 6, 7, and 8 of this thesis.
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6 The Sustainability Cycle/Loop (S-Cycle/S-Loop)
models

In Chapter 5, the findings of the literature review presented in Chapters 3 and 4
were discussed in order to define the research focus. The research aims to develop
a generic model of technical system sustainability, to address the lack of a: (i)
consistent view on sustainability improvement, (ii) common approach to
identifying appropriate SPIs, and (iii) fundamental formalism of sustainability. To
achieve this aim, the Sustainability Cycle (S-Cycle) and Sustainability Loop (S-
Loop) models were developed. This chapter outlines inductive literature research
carried out to build the models, based on literature spanning the same sectors
considered in Chapter 3. That is, sectors identified as major contributors to
sustainability research. This includes design, as well as the following: agriculture;
business; economics; fisheries; forestry; socio-economic development;
sustainability science; and urban studies. Literature from a broad range of sectors
was studied to facilitate the development of generic models.

The development of the S-Cycle and S-Loop models is reported in full in Paper C
(Appendix 3). The following sections summarise the key points of the work
discussed in the paper - readers are referred to Appendix 3 for additional details.
It was not possible to carry out extensive evaluation of the S-Loop model during
the course of the research. This was due to the time constraints of PhD research,
particularly the length of time available to negotiate access to and conduct studies
in industry (discussed in Chapter 7). As such, Chapters 7 and 8 discuss evaluation
of the S-Cycle model, with further evaluation of the S-Loop model potentially
forming the focus of future research as discussed in Chapter 9.

The findings of the literature investigation conducted as the basis for developing
the S-Cycle and S-Loop models are presented in Sections 6.1 to 6.4. In Chapter 3,
four interpretations of the basic constitution of sustainability were identified from
the literature. In Section 6.1, it is shown how these different interpretations can be
made more coherent by considering the constitution of “ability” generally.

Sections 6.2, 6.3, and 6.4 focus on three concepts that were found to emerge from
the literature as significant in relation to the aim of the research: (i) systems, which
may be considered to provide the context for human action towards sustainability
(Section 6.2); (ii) activities, which produce entities that humans value and wish to
sustain and thus, may themselves be viewed as fundamental entities to be
sustained (Section 6.3); and (iii) knowledge, which is typically presented as a
driver of human action both generally, and in the context of sustainability
specifically (Section 6.4). The S-Cycle and S-Loop models are introduced in Section
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6.5, and it is shown how they were constructed through a process of induction
from the findings of the literature investigation. A summary of the chapter is
provided in Section 6.6.

6.1 The constitution of ability

As noted above, four interpretations of the constitution of sustainability were
identified in Chapter 3 (Section 3.2). That is, sustainability interpreted as: (i) an
ability; (ii) a process of change; (iii) a property or attribute of an entity; and (iv) a
state of an entity. Each of these interpretations appears to describe sustainability
differently. However, as shown in Section 2 of Paper C, examining the constitution
of “ability” in a general sense suggests that the interpretations are likely to be
complementary rather than conflicting:

e In general terms, an ability may be described as a property of an entity, that
is manifested to humans as behaviour that produces certain effects (Hubka
and Eder, 1988; Wang et al., 2008). From this perspective, it may be stated
that the sustainability of an entity is manifested to humans as behaviour
that produces the effect of maintenance/continuation, either of the entity in
question or some other entity. Sustainability per se may be viewed as a
property of an entity that exhibits this behaviour. Human cognisance of this
property results from an assessment of an entity’s behaviour, showing that
the entity can actually produce the effect of maintenance/continuation
(Wang et al,, 2008). That is, sustainability assessment as discussed in
Chapters 3 and 4.

e Asdiscussed in Chapter 3, the notion of a “sustainability transition” is
discussed in the literature. That is, the process involved in practically
shifting human activities and systems towards sustainability, typically
through the formulation and implementation of sustainability goals. It may
be seen from the above that this represents a behavioural shift - humans
are trying to shift the current behaviour of entities towards the behaviour
required for sustainability. Thus, in efforts towards sustainability, some
kind of process of change is occurring with respect to the behaviour of
certain entities.

e Finally, as discussed above, sustainability is manifested to humans as
behaviour that produces the effect of sustenance/maintenance/
continuation (Wang et al., 2008). This manifestation may be viewed as a
kind of state of an entity. That is, the entity is perceived to be behaving in a
particular manner (Oxford English Dictionary, 2014).

From the above, it may be seen that sustainability can be interpreted as an ability,
which is a property of an entity and manifested to humans as behaviour that
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produces the effect of maintenance/continuation, either of the entity in question or
some other entity. Therefore, it may be concluded that the interpretations
identified from the literature in Chapter 3 are closely related, with each providing
a view on a different aspect of the constitution of sustainability.

6.2 The systems context for sustainability

Voinov (2007, p.488) suggests that sustainability may be viewed as “a human
intervention that is imposed on a system as part of human activity and is totally
controlled and managed by humans.” Humans are primarily concerned with the
sustainability of their society within the Earth system (Komiyama and Takeuchi,
2006; Voinov, 2007; Beddoe et al., 2009), although they tend to focus on different
sub-systems of this overall system in order to reduce complexity. For example,
technical systems form the focus of this thesis. To provide insight into the context
for human action towards sustainability, the Earth system and its sub-systems are
characterised in Section 3 of Paper C. An overview of the key points is provided in
Sections 6.2.1 and 6.2.2 below.

6.2.1 The nature of systems

Like definitions of sustainability, definitions of “system” abound (Bell and Morse,
2008). However, on a basic level and in a generic sense, a system may be defined
as “a collection of elements, also called parts [or components by certain authors],
that are each interrelated with at least one other, and which possesses properties
different from the collection of properties of the individual parts” (Thomé, 1993,
p-4). Thomé (1993, p.5) remarks that systems “are in the eye of the beholder.” In
other words, systems exist in the “real” world, but must be defined by humans in
order to be studied. The author explains that “an observer, through a conscious act
of her/his own, chooses to delimit something, that is a system, from its
environment.”

The concepts of function, behaviour, and structure were introduced in Chapter 4 in
relation to technical systems. It is suggested that the nature of all systems may be
understood in terms of these three aspects. As discussed in Chapter 4, function
refers to ‘what a system is for’ (Hubka and Eder, 1988; Gero and Kannengiesser,
2004; Meadows, 2008). A system fulfils its function through certain purposeful
behaviour, with behaviour referring to ‘what a system does’ (Gero and
Kannengiesser, 2004; Wang et al., 2008). According to Meadows (2008, pp.1-2), a
“central insight of systems theory” is the notion that a “system, to a large extent,
causes its own behaviour.” She writes that a “system may be buffeted, constricted,
triggered, or driven by outside forces. But the system’s response to these forces is
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characteristic of itself.” Along these lines, Tully (1993, p.46) remarks that the
behaviour of a system is “determined by its structure and the stimuli it actually
receives.” Essentially, system behaviour may be viewed as an emergent property
(Tully, 1993). Thatis, a property that “is not determined solely from the
properties of the system’s parts, but which is additionally determined by the
system’s structure” (Thomé, 1993, p.7). As discussed in Chapter 4, the structure of
a system refers to “what its components are, how they are connected, and what
passes across those connections” (Tully, 1993, p.46). A system'’s behaviour is
manifested through its structure and its interactions with its surroundings (Gero
and Kannengiesser, 2004; Wang et al., 2008). That is, humans can interpret the
behaviour of a system by observing what its interrelated components do in a
particular environment.

An example of a technical system (a car) is provided in Section 4.1 of Chapter 4,
illustrating the concepts of function, behaviour, and structure discussed above.
The relationships between these three concepts are illustrated in Figure 4-3.

6.2.2 The Earth system

As discussed above, the Earth system may be considered to provide the context for
human action towards sustainability (UNEP, 2012). The Earth system may be
viewed as a socio-ecological system (Beddoe et al., 2009). In other words, a system
where “society and nature are innately coupled” (Dawson et al., 2010, p.2844). As
such, it may be seen that humans are integral components of the system. However,
they may also intervene in the system and its subsystems (Beddoe et al., 2009;
Dawson et al,, 2010). Further, given certain assumptions regarding the
negligibility of material inputs and outputs (e.g. owing to space travel and
asteroids), the Earth system may be approximated as thermodynamically closed
(Daly 1992; Wackernagel and Rees 1997; Cabezas et al. 2005). That is, no mass
crosses the system boundary. Only energy crosses the boundary, in the form of
heat and work interactions (Cengel and Turner, 2004). A basic function of the
Earth system and its sub-systems is processing materials, energy, and information
(MEI) (Skyttner, 1996). Blanchard and Fabrycky (1981, p.4) highlight that some
“motive force must be present to provide the alteration.” In the context of the
whole Earth system, it may be seen that ultimately, this motive force is provided by
incoming electromagnetic radiation from the Sun (Stremke et al., 2011).

The Earth system may be broken down into a variety of “open, coupled, complex,
interactive and non-linear dynamic [sub-]systems” (Dawson et al., 2010, p.2843).
Major sub-systems of the Earth system considered in sustainability research were
covered in Chapter 3 and include: agricultural systems; complex systems
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generally; economies; ecosystems; organisms; urban areas; and societies.
Technical systems, forming the focus of this thesis, may also be viewed as sub-
systems of the Earth system. Sub-systems of the Earth system may be seen to exist
at various hierarchical levels. For instance, a human (i.e. organism) may be viewed
as a sub-system of a society, which in turn may be viewed as a sub-system of an
ecosystem (Ko6hn, 1998). Likewise, an ignition system may be viewed as a sub-
system of an internal combustion engine, which may in turn be viewed as a sub-
system of a car. Systems may also be considered to occupy the same hierarchical
level within the Earth system. For example, a car, a bus, and a lorry driving on a
road do not share a hierarchical relationship, but may interact with one another at
the same hierarchical level.

6.3 Sustainable activities

In a system, activities may be viewed as “the fundamental elements that transform
input to output” (O’Donnell and Duffy, 2005, p.56). For example, humans need
production activities to transform raw materials into technical artefacts (Chapman,
2011), and socio-economic development activities to transform these artefacts into
intangible entities such as living standards and wellbeing (UNDP, 2011). We need
certain natural activities to transform our waste products back into useful
resources (Lindsey, 2011) such as water and minerals. At the most fundamental
level, we need biological activities to transform food into energy, and air into the
oxygen we need to live. Thus, in order to sustain the entities that humans value, it
is necessary to ensure the continued operation of the activities that produce those
entities in the first place. Like “system,” “activity” is a general concept that may be
translated to any context (as shown in the following sections). Therefore,
discussing sustainability in terms of systems and activities provides a general
language that may be broadly applied and understood.

The concept of an activity is introduced and explained in the context of the Earth
system in Section 4 of Paper C. The key points discussed are outlined in Sections
6.3.1 to 6.3.3 below.

6.3.1 The nature of activities

An activity may be defined as a goal-directed physical or cognitive action, where a
set of passive resources are used by active resources to produce an output that
should satisfy the goal of the activity, as shown in Figure 6-1 (Boyle et al., 2009).
Active resources may be viewed as resources that use other resources in activities,
and passive resources as resources used by active resources (Boyle et al., 2009). In
a system, passive and active resources, and activity outputs, may be viewed as
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n

system components. The label of “passive resource,” “active resource,” or “output”
that is attached to a particular system component depends upon the activities that
itis involved in.

goals

passive

activity —> output
resources

active resources

Figure 6-1: Activity formalism (adapted from Boyle et al. (2012))

As discussed previously, a system’s behaviour is manifested through its structure
and its interactions with its surroundings. That is, humans can interpret the
behaviour of a system by observing what its interrelated components do in a
particular environment. Similarly, humans may focus on the behaviour of
activities operating in a particular system of interest (Sol), i.e. what the activities
do within the system (Wang et al., 2008). This behaviour may be considered to be
manifested through the particular set of system components (i.e. passive and
active resources, and outputs) involved in the activity, and the activity’s
interactions with the wider Sol. As discussed above, in order to sustain the entities
that humans value, it is necessary to ensure the continued operation of the
activities that produce the entity in the first place. From this perspective, activity
sustainability may be considered to be manifested as behaviour that is conducive
to the continued operation of the activity within some wider Sol. That s,
behaviour that produces the effect of continuation of the activity per se.

From the work detailed in Duffy (2005, p. 65), it can be inferred that an active
resource may be considered as “the means to carry out the activity,” and a passive
resource as providing “the conditions or elements upon which the means act.” As
such, it may be seen that the ability of an activity to continue to operate within a
particular Sol, i.e. its sustainability, depends fundamentally upon the availability of
passive and active resources in the system. Major activities considered in
sustainability research were covered in Chapter 3 and include: agricultural
activities; business activities; design activities; the overarching process of socio-
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economic development; the activity of fishing; activities undertaken in the use of
forests; and activities involved in the production of yield generally. The operation
of a technical system may also be represented as an activity (Hubka and Eder,
1988), where the technical system is an active resource that transforms inputs into
outputs.

6.3.2 Activity behaviour

In order to effectively influence the behaviour of activities towards what is
required for sustainability, it is necessary for humans to understand the basic
nature of this behaviour. As shown in Section 4.2 of Paper C, the behaviour of
activities operating within the Earth system may be described in terms of four
fundamental dimensions: (i) use of renewable and non-renewable resources; (ii)
production of intended yield; (iii) production of waste; and (iv) production and use
of intended resources. Each of these dimensions is illustrated in Figure 6-2 and
summarised below.

renewable goal intended
resources yield

passive l

3 output

resources [

non-renewable

.

resources > > waste

Y

Y
\

activity

active
resources

intended
resources

renewable
resources

non-renewable
resources

Figure 6-2: The behaviour of an activity operating within the Earth system

e Use of renewable and non-renewable resources. The Earth system is typically
viewed as containing various stocks of resources. These may be classed as
either: natural or artificial (Costanza and Daly, 1992; Williams and
Millington, 2004; Ekins, 2011); and renewable or non-renewable (Daly,
1990a; Brown and Ulgiati, 1997; Campbell and Garmestani, 2012), i.e.
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stocks that either regenerate over time, or do not regenerate significantly
along anthropological timescales, respectively (Daly, 1992). As shown in
Figure 6-2, an activity in the Earth system may use components from the
above stocks as passive and active resources, to meet a need for resources
as indicated by the goal of the activity. The term “resource” is defined thus:
“A means of supplying a deficiency or need” (Oxford English Dictionary,
2014).

Production of intended yield. An activity may produce components that are
intended to be yielded to the wider system. These components may either
contribute to resource stocks in the system, or they may be used directly as
passive and/or active resources in other activities within the system
(Brown and Ulgiati, 1997; Ekins, 2011; Liao, etal. 2011; Campbell and
Garmestani, 2012). They are represented in Figure 6-2 as intended yield.
For example, an air conditioning system may produce a flow of cool air as
yield to be used as a cooling medium by human beings and/or technical
systems that generate excess heat during their operation.

Production of waste. In addition to intended yield, an activity may produce
components that can be considered to be waste in relation to the activity
(Brown and Ulgiati, 1997; Marchettini et al., 2007; Rosen et al., 2008;
Barles, 2010; Zhang et al., 2011), as shown in Figure 6-2. That is, the
fraction of the activity’s output that is intended neither as yield nor
resources and as such, has no utility in relation to the activity (Oxford
English Dictionary, 2014). However, the terms “resource” and “waste” are
defined here in relation to the activity under study. As such, components
that may be classed as waste in relation to one activity may in fact represent
resources to a different activity operating within the Earth system
(Marchettini et al., 2007; Raut et al,, 2011; Zhang et al., 2011). For example,
spent filters produced by the air filtration unit in an air conditioning system
may be considered as waste in relation to the activity of producing a flow of
cool air, but a passive resource in relation to the activity of recycling filter
materials.

Production of intended resources. Finally, in addition to intended yield and
waste, an activity may also produce components intended to be used as
passive and/or active resources in the activity itself (Costanza and Daly,
1992; Ekins, 2011). These are represented in Figure 6-2 as intended
resources. For example, economic activity generates goods and services as
an output, a portion of which are intended for use as resources in economic
activity itself to produce further goods and services (Eurostat, 2010; Ekins,
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2011; Eurostat, 2011a). In certain cases, parts of the activity output that
are conventionally be considered to constitute waste may be utilised as an
intended resource (Yang et al., 2003; Marchettini et al.,, 2007; Zhang et al,,
2011). For example, excess heat produced by the compressor in an air
conditioning system may conventionally be viewed as waste in relation to
the activity of producing cool air. However, this heat may instead be used
to provide a portion of the energy required to drive the air conditioning
system. That is, the heat may be used as a passive resource in the activity of
producing cool air.

6.3.3 Sustainability as an emergent property

In Section 6.3.1, it was shown that the sustainability of an activity in the Earth
system may be considered to be manifested as behaviour that is conducive to the
activity’s continued operation within the system. From this perspective,
sustainability may be viewed as a property of an activity operating within the
Earth system. However, as shown in Section 4.3 of Paper C, sustainability may also
be viewed as an emergent property of a particular system of interest (Sol)
supporting multiple activities.

In Section 6.3.2, the basic behaviour of activities operating within the Earth system
was illustrated by focusing on the behaviour of a single activity in isolation.
However, as discussed, the intended yield and waste outputs produced by one
activity in the system may be used as resources by other activities in the system.
In other words, activities in the Earth system may be coupled (Hubka and Eder,
1988; Yin and Xiang, 2009; Turner, 2010). Hubka and Eder (1988) suggest that
activities may be coupled in at least three ways, as shown in Figure 6-3 below:

e An activity may produce its own passive and active resources. That is,
intended resources as discussed in Section 6.3.2. In this case, it may be said
that the activity displays feedback - that is, part of its output (i.e. intended
resources) is used as part of its input (i.e. passive and active resources). For
example, in Figure 6-3, it may be seen that activity 1 displays feedback,
represented by the flow of intended resources.

e The yield or waste produced by one activity may be used as a passive or
active resource by another activity in the system. In such a case, it may be
said that the two activities are connected in series. For instance, in Figure
6-3, it may be seen that the intended yield produced by activity 1 is used as
a passive resource by activities 2 and 3. Thus, activity 1 is connected in
series with both activities 2 and 3. Additionally, the waste produced by
activity 1 is used as a passive resource by activity 4. Therefore, activity 1 is
also connected in series with activity 4.
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e An activity in the Earth system may share its input of passive or active
resources with another activity in the system. In this case, it may be said
that the activities are connected in parallel. For example, in Figure 6-3, it
may be seen that activities 2 and 3 share an input of passive resources
originating from the output of activity 1 and thus, are connected in parallel.

The “goal-directed” nature of activities means that humans can influence their
behaviour towards what is required for sustainability by formulating and
implementing sustainability goals. Examples of sustainability goals focusing on the
use of renewable and non-renewable resources, and the production of waste, were
presented in Chapter 3 (Section 3.4). Owing to the coupling relationships outlined
above, sustainability goals implemented to influence the behaviour of one activity
may have an indirect impact on the behaviour of other activities to which the
activity in question is connected. This impact may not necessarily be a positive
one - the kind of behaviour that is conducive to the continued operation of one
activity in the Earth system may in fact be detrimental to the sustainability of other
activities in the system (Voinov, 2007; Alfaris et al., 2010). For example, consider
activities 1 and 4 in Figure 6-3. A sustainability goal focused on reducing the waste
production may be set for activity 1. However, it may be seen that activity 4 relies
upon the waste output from activity 1 as a passive resource. As discussed in
Section 6.3.1, an activity fundamentally depends upon resources for its continued
operation. Thus, reducing the waste output of activity 1 may compromise the
sustainability of activity 4, by reducing the availability of the passive resources it is
dependent upon.

From the above, it may be seen that when seeking the sustainability of multiple
activities in the Earth system, formulating and implementing sustainability goals
for each activity in isolation is unlikely to be effective in bringing about the
required behaviour. That is, behaviour that is conducive to the continued
operation of the activities collectively. The relationships among the activities must
also be taken into account when formulating the goals. Hubka and Eder (1988,
pp.255-257) suggest that we may view the structure of a system from two different
perspectives: (i) its component structure, i.e. “structure consisting of components
and their relationships” as described above; and (ii) its function structure, i.e.
“structure consisting of functions and their relationships, [...] structure of
activities.” If we consider that a particular set of interconnected activities within
the Earth system can be partitioned as a sub-system, then it may be seen that
sustainability can be described as an emergent property of a particular Sol (Wahl
and Baxter, 2008; Godfrey, 2010; Bodini, 2012). That is, a property that is “not
determined solely from the properties of the system’s parts, but which is
additionally determined by the system’s structure (i.e., by the way the parts are
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connected to form the system)” (Thomé, 1993, p.7). Even if all activities in a Sol
may be said to have the property of sustainability individually, there is no
guarantee that the system as a whole also has this property. In order for the
system as a whole to be sustainable, the behaviour of individual activities must
contribute to the system behaviour required for sustainability. That is, behaviour
that is conducive to the continued operation of the system within its wider
environment. In other words, from a performance perspective, the sustainability
performance of individual system activities must contribute to the sustainability
performance of the system as a whole.

Key:
AR active resources
G goals

(0] output

PR passive resources

IR intended resources activity 2

from activity 1

Y intended yield from
activity 1
w waste from activity 1 Gl

activity 3

AR

PR

activity 1
activity 4

AR

Figure 6-3: Coupling relationships between activities

6.4 Sustainability knowledge
As discussed in the introduction to Chapter 6, knowledge may be viewed as a

driver of human action both generally (Newell, 1982), and in efforts towards
sustainability. Three notable components of knowledge involved in human action
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towards sustainability are identified and discussed in Section 5 of Paper C. That is,
knowledge of: (i) current activity behaviour; (ii) sustainability goals and
indicators; and (iii) activity behaviour in relation to goals. An overview of these is
provided in the following paragraphs. Note that throughout this thesis, the term
“knowledge” is applied in a broad sense to include “expert knowledge,” but also
less concrete elements such as “implicit theories on how the physical world
behaves,” “outcome foci,
Kannengiesser, 2004).

» «

experiences,” (Reber, 2011) and perceptions (Gero and

Firstly, as discussed in Section 6.3.3, humans may influence the behaviour of
activities in the Earth system towards what is required for sustainability through
the implementation of goals. Like all goals, sustainability goals refer to a future
situation that is considered to be more desirable than the current one (O’Donnell
and Duffy, 2005). They may be viewed as components of knowledge describing
how an activity should behave in order to achieve sustainability in a particular Sol
(O’Donnell and Duffy, 2005; Ness et al., 2007). In Section 6.3.2, it was shown that
the use of renewable and non-renewable resources, the production of yield, the
production of waste, and the production and use of intended resources may be
viewed as basic aspects of the behaviour of activities operating in the Earth
system. Humans may interpret these aspects of a particular activity’s behaviour, to
produce knowledge on current behaviour (Walter and Stiitzel, 2009; Jordan et al.,
2010) that provides a basis for defining sustainability goals for the activity
(Meadows, 1998; Parris and Kates, 2003; Eurostat, 2011a; Walter and Stiitzel,
2009).

On the basis of what they know about the activity’s behaviour, humans can suggest
actions to be taken with respect to the system components involved in the activity
that are expected to result in the activity fulfilling its sustainability goals. To
actually implement the goals, humans then carry out these actions (Parris and
Kates, 2003; Eurostat, 2011a). As noted previously, examples of physical
sustainability goals focusing on the use of renewable and non-renewable
resources, and the production of waste, were presented in Chapter 3 (Section 3.4).
To recap, these were: (i) non-renewable resources should not be used; (ii)
renewable resources should not be used faster than stocks can regenerate; and (iii)
waste should not be produced faster than it can be processed. To implement these
goals, humans may take action to: (i) allocate renewable resources to their
activities to replace any non-renewable resources that are currently used; (ii)
reduce the rate at which their activities consume renewable resources; and (iii)
reduce the rate at which their activities produce waste.
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Secondly, as discussed in Chapter 3, following implementation it is necessary to
ascertain whether or not an activity is fulfilling its sustainability goals.
Sustainability assessment, as it is commonly termed in the literature (Ness et al,,
2007; Bodini, 2012), provides humans with information on the behaviour and
performance of entities from a sustainability perspective (Meadows, 1998; Bell
and Morse, 2008; Singh et al., 2012). This information may in turn be used to make
decisions relating to the sustainability of an entity (Ness et al.,, 2007; De Smedt,
2010; Heijungs et al., 2010; Ramos and Caeiro, 2010; Rametsteiner et al., 2011). As
highlighted in Chapter 3, among the most prolific approaches to sustainability
assessment are those based around the use of sustainability indicators (SIs) (Scerri
and James, 2009; Ramos and Caeiro, 2010; Hak et al., 2012). A classification of SIs
and evaluation approaches applied to human activities and systems generally is
provided in Figure 3-7. More specifically, the range of sustainability performance
indicators (SPIs) commonly applied to assess the sustainability of technical
systems is outlined in Chapter 4, along with evaluation methods. Both the
indicators per se, and the information they provide on activity behaviour and
performance in relation to sustainability goals, may be viewed as components of
knowledge employed in human efforts towards sustainability. Issues associated
with the definition and selection of indicators are discussed in Section 3.5.1 of
Chapter 3. Additionally, the elements involved in indicator-based sustainability
assessment are illustrated in Figure 3-10.

6.5 The S-Cycle and S-Loop models

As noted in the introduction to Chapter 6, the S-Cycle and S-Loop models were
developed through a process of induction from the findings presented in Sections
6.1 to 6.4. This is discussed fully in Section 6 of Paper C. A summary of the key
aspects of the development of the two models is provided in Sections 6.5.1 (the S-
Cycle model) and 6.5.2 (the S-Loop model) below.

6.5.1 The S-Cycle model

As discussed in Section 6.3, in order to sustain a particular entity, we need to
sustain the activities that produce that entity within the Earth system. Like all
systems, the Earth system can be viewed as “an organized system of matter,
energy, and information” (Skyttner, 1996, p.32). In Section 6.2.2, it was shown that
this system may be approximated as a thermodynamically closed system (Daly
1992; Wackernagel and Rees 1997; Cabezas et al. 2005), whose primary external
energy source is the Sun (Stremke et al., 2011) as illustrated in Figure 6-4 below.
Processing MEI may be viewed as a basic function of the system (Ulanowicz, 1980;
Brown et al.,, 2004; Cabezas et al., 2005; Bodini, 2012). The Earth system may also
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be described as a socio-ecological system, i.e. one where “society and nature are
innately coupled” (Dawson et al,, 2010, p.2844). Therefore, human beings
themselves may be viewed as components of the system (Beddoe et al., 2009). As
discussed in Section 6.3.2, the Earth system contains stocks of natural and artificial
components (Costanza and Daly, 1992; Ekins, 2011; Williams and Millington,
2004), that may be classed as either renewable or non-renewable in nature (Daly,
1990a; Brown and Ulgiati, 1997; Campbell and Garmestani, 2012), again illustrated
in Figure 6-4.

Earth system*

. bound
electromagnetic oundary

radiation

renewable
resource stock

non-renewable
resource stock

*approximated as
thermodynamically closed

Figure 6-4: The Earth system

The S-Cycle model formalises the behaviour of activities in the Earth system from
the perspective of sustainability. The model is presented in Figure 6-5, and is
described here in relation to the literature that it was induced from. In Section
6.3.1, an activity was described as a goal-directed physical or cognitive action,
where a set of passive resources are used by active resources to produce an output
that should satisfy the goal of the activity (Boyle et al.,, 2009). Activities may use
components from the renewable and non-renewable resource stocks in the system
as passive and active resources, to produce an output consisting of three kinds of
components, again shown in Figure 6-5:
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¢ intended yield, i.e. components intended to be yielded to the wider system,
that may be used directly as resources in other activities in the system, or
may contribute to resource stocks in the system (Brown and Ulgiati, 1997;
Ekins, 2011; Liao et al,, 2011; Campbell and Garmestani, 2012);

e intended resources, i.e. components intended to be used in the activity itself
as passive and active resources (Costanza and Daly, 1992; Ekins, 2011); and

e waste, i.e. components that are intended neither as yield nor resources and
thus, have no utility in relation to the activity (Brown and Ulgiati, 1997;
Marchettini et al., 2007; Rosen et al., 2008; Barles, 2010; Zhang et al., 2011).

As highlighted in Section 6.3.1, it may be seen that the sustainability of activities in
the Earth system, i.e. their ability to continue to operate, depends fundamentally
upon the availability of passive and active resources. In turn, the availability of
resources in the system depends upon the rate at which activities in the system
consume and produce them. As illustrated in Figure 3-4 in Chapter 3, consuming
renewable resources faster than stocks are regenerated will lead to depletion of
the stocks, and consuming non-renewable resources at any rate will deplete stocks

since they are not regenerated significantly along anthropological timescales (Daly,
1990a).

In Section 6.3.3, it was shown that in addition to being viewed as a property of an
individual activity in a system, sustainability may also be viewed as an emergent
property of a system (Wahl and Baxter, 2008; Godfrey, 2010; Bodini, 2012). For
sustainability to emerge in a system, the behaviour of all activities operating in the
system must contribute to the continued operation of the system as a whole within
its environment (given that system behaviour per se may be viewed as an
emergent property (Tully, 1993), as discussed in Section 6.2.1). These activities
are likely to be coupled with one another, potentially in complex ways (Hubka and
Eder, 1988; Yin and Xiang, 2009; Turner, 2010) as shown in Section 6.3.3. We may
represent the total activity operating in a system in precisely the same way as we
represent an individual activity (O’'Donnell and Duffy, 2005), i.e. using the
formalism first provided in Figure 6-1 in Section 6.3.1. Thus, the S-Cycle model
presented in Figure 6-5 may be interpreted as describing the operation of an
individual activity in the Earth system, or the total system activity, i.e. the
aggregate of all natural and anthropogenic activities operating in the system at a
given time.
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Figure 6-5: The S-Cycle model

In Figure 6-5 the system boundary is represented as that of the whole Earth
system. However, the S-Cycle model is generic - it describes the operation of
activities in a system in completely general terms (e.g. it does not make reference
to specific kinds of resources, yield, and waste, only the stocks and flows of these
kinds of entities generally). Thus, the system boundary in Figure 6-5 may be
altered to represent that of any Sol within the Earth system. The nature of the
system boundary will determine the specific stocks and flows to be considered
when applying the model to interpret a particular activity. This is demonstrated in
Chapters 7 and 8, which detail the evaluation of the model. The S-Cycle describes
both the intended yield and waste produced by an activity as ultimately
contributing to stocks within the wider system, where they become available for
use as resources. Thus, the model may be seen to reflect the cradle-to-cradle view
of the technical system life cycle and the notion of a circular economy as discussed
in Chapter 3 (Section 3.3.3). That is, the view that the waste produced by economic
activities should be directly usable as a resource by further technical and/or
biological activities. Nonetheless, as stated above, the S-Cycle model is generic and
is therefore not limited to any specific type of activity - it describes this behaviour
for any activity, artificial or natural, operating within any Sol boundary.
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6.5.2 The S-Loop model

The S-Cycle model illustrates that the sustainability of activities in the Earth
system depends fundamentally upon the availability of resources in the system. In
turn, the availability of resources in the system depends upon the rate at which
activities in the system consume and produce them. In Section 6.4, it was shown
that humans may intervene in these dynamics by implementing sustainability
goals to influence the behaviour of activities, and then assessing the resulting
behaviour. Considering the literature on sustainability goals and indicators
covered in both Chapter 3 (Sections 3.4 and 3.5) and Section 6.4 holistically reveals
a general process undertaken by humans striving for sustainability, consisting of
the following basic activities:

e interpret the behaviour of activities in a particular Sol within the Earth
system (Walter and Stiitzel, 2009; Jordan et al., 2010), to produce
knowledge on their current behaviour, and how the activities should behave
with respect to sustainability (Derissen et al., 2011) - that is, knowledge on
sustainability goals (O’'Donnell and Duffy, 2005);

e implement sustainability goals by suggesting and taking actions that
produce effects on the system components involved in the activities, and
are expected to result in the activities fulfilling their goals (Parris and Kates,
2003; Eurostat, 2011a);

e determine if activities have fulfilled, or are on track to fulfil sustainability
goals by assessing their behaviour after the goals have been implemented,
to produce knowledge on that behaviour (Ness et al., 2007; Jordan et al.,
2010; van Zeijl-Rozema and Martens, 2010); and

¢ on the basis of this knowledge, suggest and take actions regarding the
sustainability of the activities and/or the Sol as a whole (Ness et al. 2007;
De Smedt 2010; Heijungs et al. 2010; Ramos and Caeiro 2010; Rametsteiner
etal. 2011; Singh et al. 2012), e.g. if activities are not on track to fulfil their
sustainability goals, humans may suggest and take actions to ensure that
they are fulfilled in future, or they may begin the whole process again in the
context of a different Sol, having learned from experience.

[t may be seen that this process is essentially iterative: humans interpret the
behaviour of activities in a Sol to produce knowledge, and then on the basis of this
knowledge, take action to alter the behaviour of the activities and the overall
system (given that system behaviour may be viewed as an emergent property, as
discussed in Section 6.2.1). They then interpret the resulting behaviour to produce
further knowledge and on the basis of this, suggest further actions to be taken. In
other words: knowledge on behaviour determines the actions taken by humans
striving for sustainability, and the actions taken by humans striving for
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sustainability result in the production of new knowledge on behaviour that
determines further actions to be taken by humans, and so on and so forth.

According to Gero and Kannengiesser (2004, p.378), interpretation “transforms
variables, which are sensed in the external world into the interpretations of
sensory experiences, percepts and concepts that compose the interpreted world.”
They suggest that action may be viewed as “a transformation of an expected
concept into an external representation.” The result of action is “an effect, which
brings about a change in the external world.” Thus, it may be argued that humans
striving for sustainability, via the iterative process of interpretation and action
delineated above, operate between two different “worlds”: (i) the external world,
which may be viewed as the world “composed of representations outside” of a
human i.e. the world that is extrinsic to the human mind; and (ii) the interpreted
world, which may be viewed as the world composed of “sensory experiences,
percepts and concepts” i.e. the inner mental world of a human (Gero and
Kannengiesser, 2004, p.377). Different people may interpret representations in
the external world in different ways and thus, the interpreted worlds of different
people may be quite dissimilar in nature. As Meadows (1998, p.8) highlights,
“people of different worldviews live literally in different worlds.” This is arguably
one of the reasons for the considerable variety in sustainability targets,
interpretations of the basic constitution of sustainability, sustainability goals, and
sustainability indicators as illustrated in Chapter 3. Furthermore, the work
reported in this thesis represents the authors’ interpretation of certain external
representations, i.e. the sustainability literature. Other authors may have different
interpretations of the same literature.

Above, Gero and Kannengiesser (2004) refer to both interpretation and action as
the transforming of one thing into another. As highlighted previously, activities
may be viewed as “the fundamental elements that transform input to output”
(O’Donnell and Duffy, 2005, p.56). Therefore, it may be seen that both
interpretation and action, as carried out in human efforts towards sustainability,
may be viewed as activities, in the same sense as the activities we are trying to
maintain. Subsequently, it can be concluded that in human efforts towards
sustainability, two sets of activities are involved: (i) the activities whose operation
we are trying to maintain; and (ii) the activities we undertake in order to manage
the behaviour of (i). To characterise the external and interpreted worlds
introduced above from a sustainability perspective, the concepts of systems,
activities, and knowledge can be mapped to each world based on the activity of
interpretation:

e Asdiscussed in Section 6.2.1, a system is delimited from its environment by

a human observer who draws a boundary. Thus, systems may be
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considered to exist in the external world, but are defined for study by
humans in the interpreted world. That is, humans interpret the world
around them to produce knowledge on the nature of a particular system of
interest, as shown in Figure 6-6. This knowledge may be viewed as existing
in the interpreted world.

Like systems, activities may be considered to operate in the external world,
but are defined for study by humans in the interpreted world (e.g. by
applying the activity formalism adopted in the S-Cycle model). In other
words, humans interpret the world around them to produce knowledge on
the nature of activities in a particular system of interest, as illustrated in
Figure 6-6. Again, this knowledge may be considered to exist in the
interpreted world.

Finally, humans interpret the behaviour of activities and systems in the
external world to produce additional elements of knowledge discussed in
Section 6.4, i.e.: sustainability goals and SIs; knowledge on current activity
behaviour; and knowledge of the behaviour of activities in relation to
sustainability goals after they have been implemented (Figure 6-6). Whilst
the behaviour under study may be viewed as occurring in the external
world, knowledge resulting from its interpretation may be seen to exist in
the interpreted world. However, knowledge may be represented in the
external world (Newell, 1982). For example, in this thesis, knowledge on
the behaviour of activities from a sustainability perspective has been
formalised in the external world via the development of the S-Cycle model.
Furthermore, knowledge existing in the interpreted world may be
transformed into effects in the external world via action, as highlighted by
Gero and Kannengiesser (2004) above.

152



Chapter 6 The Sustainability Cycle/Loop (S-Cycle/S-Loop) models

external world interpreted world

concepts of knowledge of
roduce knowledge activity & current
P g system behaviour

goal

passive
resource output

| |

| |

| |

| |

| |

| |

| |

| observations activity of human [H components of
| I
| |

| |

I |

| |

| |

| |

| |

of the external interpretation knowledge
world

active
resource

human being sustainability knowledge of
goals & behaviour in
indicators relation to goals
S, e

Figure 6-6: The activity of interpretation

In the S-Loop model, systems (Figure 6-4) and activities (Figure 6-5) are
represented in the external world, whilst key components of knowledge employed
in human action towards sustainability (Figure 6-6) are represented in the
interpreted world. These three entities, i.e. systems, activities, and knowledge, are
linked via the iterative process of interpretation and action outlined previously.
The entities are presented at different levels so that they may be positioned
relative to one another, according to their roles in the iterative process. The model
is presented in Figure 6-7, and is described in relation to the literature it was
induced from below.

As discussed in Section 6.2 and illustrated in the S-Loop model, the Earth system,
like all systems, exhibits behaviour, i.e. it “does something”. This behaviour is
exhibited by the structure of the system (Gero and Kannengiesser, 2004; Wang et
al,, 2008), i.e. by its components and relationships (Tully, 1993). In turn, humans
may focus on the behaviour of activities operating in the system. The behaviour of
an activity may be viewed as the behaviour exhibited by the particular set of
system components (i.e. passive and active resources, and outputs) involved in the
activity (discussed in Section 6.3). In Section 6.2.2, it was shown that humans per
se may be viewed as integral components of the Earth system (Beddoe et al., 2009;
Dawson et al,, 2010). Thus, humans may be considered to exist as components of
the Earth system at the system level in the S-Loop model. In turn, given that
interpretation and action may be viewed as activities as discussed above (Gero and
Kannengiesser, 2004), it may be seen that humans carry out interpretation and
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actions at the activity level in the S-Loop. Humans may be viewed as active
resources in these activities.
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Figure 6-7: The S-Loop model

In the S-Loop model, the iterative process that emerges from the literature
(outlined above) is described as follows. Humans interpret the behaviour of
activities in a particular Sol (i.e. sub-system of the Earth system) in the external
world (Jordan et al., 2010; Walter and Stiitzel, 2009), to produce knowledge on
current behaviour and how the activities should behave with respect to
sustainability, i.e. knowledge on sustainability goals (Ness et al., 2007; O’Donnell
and Duffy, 2005). Both of these knowledge elements exist at the knowledge level
in the interpreted world. On the basis of this knowledge, humans may suggest
actions to be taken, that are expected to result in the activities fulfilling their goals.
They may then implement actions at the activity level of the external world
(Eurostat, 2011a; Parris and Kates, 2003), to produce effects on the system
components involved in the activities (existing at the system level of the external
world). These effects bring about a change in the behaviour of the activities at the
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activity level of the external world (discussed in Section 6.4). To determine if
activities have fulfilled, or are on track to fulfil their sustainability goals, humans
interpret activity behaviour after the goals have been implemented by defining and
evaluating SIs (Ness et al. 2007; Jordan et al. 2010; Ramos and Caeiro 2010;
Rametsteiner et al. 2011; van Zeijl-Rozema and Martens 2010; Singh et al. 2012).
In other words, they carry out sustainability assessment (Bodini, 2012; Ness et al.,
2007) at the activity level of the external world (discussed in Section 6.4, and also
Chapter 3). Like knowledge on current behaviour and sustainability goals,
knowledge on post-action activity behaviour exists at the knowledge level in the
interpreted world. On the basis of the latter component of knowledge, humans
may again suggest actions to be taken regarding the sustainability of the activities
and/or the Sol as a whole (given that sustainability may be viewed as an emergent
property of a system (Bodini, 2012; Godfrey, 2010; Wahl and Baxter, 2008), as
discussed in Section 6.3.3). For example, if activities are found not to be on track to
fulfil their sustainability goals, humans may suggest actions that are expected to
result in the goals being fulfilled in future.

6.6 Summary

As discussed in Chapter 5, the research reported in this thesis aims to develop a
generic model of technical system sustainability, to address the lack of a: (i)
consistent view on sustainability improvement, (ii) common approach to
identifying appropriate SPIs, and (iii) fundamental formalism of sustainability.
This chapter has outlined inductive literature research carried out to build two
generic models, namely the Sustainability Cycle (S-Cycle) and Sustainability Loop
(S-Loop).

In Section 6.1, it was shown that in general terms, an ability may be viewed as a
property of an entity that is manifested to humans as behaviour that produces
certain effects. From this perspective, sustainability may be considered to be a
property of an entity that is manifested to humans as behaviour that produces the
effect of maintenance/continuation, either of the entity in question or some other
entity. In Sections 6.2, 6.3, and 6.4, three concepts emerging from the literature as
significant in relation to the aim of the research were defined and discussed:

e Systems, which may be considered to provide the context for human action
towards sustainability. The Earth system was characterised as providing
the context, and it was shown how this overall system may be decomposed
into a multitude of different sub-systems forming the foci of efforts to
achieve sustainability.

e Activities, which produce entities that humans value and wish to sustain and
thus, may themselves be viewed as fundamental entities to be sustained.
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Humans may influence the behaviour of activities towards what is required
for sustainability by implementing sustainability goals. It was shown that
the behaviour of activities operating within the Earth system may be
described in terms of four fundamental dimensions: (i) use of renewable
and non-renewable resources; (ii) production of intended yield; (iii)
production of waste; and (iv) production and use of intended resources.

e Knowledge, which may be viewed as a driver of human action both
generally, and in efforts towards sustainability. Four components of
knowledge involved in human action towards sustainability were identified,
i.e. knowledge of: (i) the concepts of activity and system; (ii) current
activity behaviour; (iii) sustainability goals and indicators; and (iv) activity
behaviour in relation to goals.

In Section 6.5, the S-Cycle and S-Loop models were introduced and discussed in
relation to the literature they were induced from. The S-Cycle model describes the
Earth system and its sub-systems as being comprised of renewable and non-
renewable resource stocks that are consumed and replenished by both natural and
human activities. These activities transform input flows of renewable and non-
renewable resources into output flows of intended resources, intended yield, and
waste. The ability of activities in the system to continue to operate fundamentally
depends upon the availability of resources in the system. In turn, the availability of
resources in the system fundamentally depends upon the rate at which they are
consumed and produced by activities. Humans may intervene in these dynamics
by implementing sustainability goals and indicators for activities, as described in
the S-Loop model.

The S-Loop model describes human efforts towards sustainability as an iterative
process of interpretation and action involving systems, activities, and knowledge.
According to the model, humans interpret the behaviour of activities in a system to
produce knowledge on: (i) their current behaviour; and (ii) how the activities
should behave for sustainability, i.e. sustainability goal knowledge. This knowledge
serves as a basis for suggesting and implementing actions that are expected to
result in the activities fulfilling their sustainability goals. Humans then interpret
the behaviour of activities after actions have been taken, by evaluating
sustainability indicators to produce knowledge on resulting activity behaviour in
relation to sustainability goals. This knowledge may then be used as a basis for
suggesting and implementing further actions as needed, until a satisfactory
outcome is achieved.

As discussed previously, it was not possible to carry out extensive evaluation of the
S-Loop model owing to time constraints on the research. As such, Chapters 7 and 8
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discuss evaluation of the S-Cycle model, with further evaluation of the S-Loop
model potentially forming the focus of future research as discussed in Chapter 9.
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7 Evaluation approach

The S-Cycle model developed in Chapter 6 consists of an activity formalism
representing the operation of a technical system within a wider system of interest
(Sol), with two stock elements and a number of flow elements representing the
interactions between the technical system and the Sol from a sustainability
perspective. Part 2 of this thesis discusses the work conducted to evaluate the
model. As discussed in Chapter 5, the S-Cycle was developed in order to address
three sustainability research issues, namely: 11 - the lack of a consistent view of
sustainability improvement; 12 - the lack of a common approach for identifying
appropriate SPIs for technical systems; and I3 - the lack of a fundamental
formalism to describe sustainability. The major purpose of evaluation was to
assess the extent to which the model can be considered to address these issues. In
this respect, evaluation focused on three aspects of the model and its use aligning
with the research issues. Namely, validity, utility, and applicability:

e Validity. According to Duffy and O’'Donnell (1998, p.38), the activity of
validation “focuses upon ascertaining a degree of truth for a particular
hypothesis or result.” In turn, they argue that “if a hypothesis or result is
proven to be true then it is regarded as being validated.” In order to
address issue 13, the S-Cycle must be validated as a formal representation of
sustainability of technical systems. It was shown in Chapter 6 that
sustainability may be viewed as an ability, which is a property of a system
and manifested as behaviour that produces the effect of
maintenance/continuation of the system per se, or some other entity. With
respect to the S-Cycle model, validity therefore refers to the degree to which
its elements and relationships can be considered to model a technical
system’s behaviour from a sustainability perspective. The model may be
considered to be validated if it can be demonstrated that it comprehensively
describes this behaviour.

o Utility. Pidd (2010, p.14) highlights that models are “built with some
intended use(s) in mind,” and suggests that “careful consideration of how a
model may be used is clearly an important part of any modelling project.”

In order to address issue 12, it must be demonstrated that the S-Cycle model
can be used to identify appropriate SPIs for technical systems. The term
“utility” is used in this thesis to refer to the S-Cycle model’s usefulness and
fitness for purpose (Oxford English Dictionary, 2014) in this respect. Utility
encompasses not only the effectiveness of the model in supporting SPI
identification, but also the degree to which the model can be understood
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and applied by those who would be using the model for this purpose in
practice, e.g. engineering designers. Thus, in order to address issue 12, it
must also be demonstrated that the model can be understood and applied
by its intended users.

e Applicability. In the context of design research, Sim (2000, p.22) states that
the applicability of a model refers to “the extent to which it has been applied
to design of different artifacts or different types of design processes.” A
model may be described as “artifact independent or domain independent.”
In this thesis, applicability refers to the extent to which the S-Cycle model
has been applied to different technical systems in different sectors. That s,
the degree to which it can be considered to be generic. The model must be
demonstrated to be applicable to at least two distinct technical systems in
order to address all three of the above issues. Firstly, to address issue I1, it
must be demonstrated that the model can be applied to different systems by
different people, thereby providing the basis for a consistent view.
Secondly, to address issue 12, it must be demonstrated that the model can
be applied to identify SPIs for different technical systems. Finally, to
address issue 13, it must be demonstrated that the S-Cycle’s elements and
relationships are reflected in the behaviour of different technical systems,
and are not specific to any single system.

To evaluate the S-Cycle model, four research methods were applied to gather
evidence relating to the three aspects outlined above. The evidence gathered was
then interpreted, allowing conclusions to be drawn about the model’s validity,
utility, and applicability. In this chapter, the evaluation approach adopted is
elaborated. That is, the methods applied to gather evidence, and the data sources
from which this evidence was gathered. In turn, Chapter 8 presents the findings of
the evaluation. In other words, the evidence gathered and its interpretation with
respect to the above three aspects. The conclusions that may be drawn from the
evaluation findings are discussed and reflected upon in Part 3 of this thesis
(Chapters 9 and 10).

As discussed in Chapter 2, the evaluation approach consisted of the following
methods:

e Two worked examples (WE1 and WE2) to provide initial evaluation of the
model and its use. The technical systems forming the foci of these were a
bioethanol production system and a car engine, respectively. Both of these
can be considered as technical systems with notable sustainability
challenges as discussed further in Section 7.1.2.
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e Three case studies (CS1, CS2, and CS3) exploring the use of the model in
greater depth through application to technical systems in industry. The
systems studied were: a heating, ventilation, and air conditioning (HVAC)
system in CS1; a chilled water (CW) system in CS2; and a CW plant in CS3,
i.e. a sub-system of the CW system. All of these systems are sub-systems of
a warship, which can be viewed as a technical system with significant
sustainability challenges (elaborated in Section 7.1.3 below). A guideline
focusing on performance assessment and improvement was developed to
support the application of the model to the systems studied (known as the
S-Cycle guideline).

e Appraisal of the model by engineering designers at two interactive
workshops (WS1 and WS2) involving a practical exercise and self-report
questionnaire. These workshops were preceded by a pilot study involving
engineering design researchers as participants.

e An analytical study of indicators applied to evaluate the sustainability
performance of technical systems, using the S-Cycle model and a
performance model known as EZ2, developed by O’Donnell and Duffy (2005)
(discussed further in Section 7.1).

As discussed further in Chapter 8, all parts of the evaluation provided insights into
the validity of the model. Utility was primarily evaluated through the case studies,
expert appraisal, and analytical study, with the worked examples providing initial
evaluation in this respect. Finally, applicability was evaluated through the worked
examples, case studies, and the practical exercise delivered to experts at the two
workshops. Each part of the evaluation approach is discussed in detail in the
following sections. However, firstly, an overview of the chronology of the
approach and the relationships between the different elements is provided below
and illustrated in Figure 7-1.

As shown in Figure 7-1, the aforementioned guideline to support application of the
model to technical systems was developed prior to the case studies. CS1 was then
carried out first, followed by CS2. WE1 was developed concurrently with the early
stages of CS2 to provide initial evaluation of the model and its use for
dissemination in Paper C (Appendix 3). WE2 was developed during CS3, to
support discussions on the S-Cycle model with engineering designers in industry.
CS2 was conducted by the author within an engineering company, facilitating the
development of a network of engineering designers and managers who also
participated in the first workshop, i.e. WS1. The pilot study for the workshops was
carried out concurrently with the final stages of CS2. Following the pilot study,
WS1 was carried out at the end of CS2, which allowed dissemination of the study
findings alongside the delivery of the practical exercise and questionnaire. During
WS1, participants provided feedback on the use of the S-Cycle model to support
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the quantification of sustainability performance (discussed in Chapter 8). Briefly,
this centred on the lack of performance quantification carried out in CS2 and
specifically, the desire for a quantitative model to simulate CW system
sustainability performance. A second group of engineering designers and
managers from an energy company provided similar feedback regarding the lack of
quantification at WS2, which was held concurrently with the early stages of CS3.
This feedback was partially addressed by CS1, which involved the definition and
evaluation of a set of SPIs for the HVAC system. Additionally, the feedback
informed the aims and objectives of CS3, which yielded a set of SPIs for the CW
plant system and a quantitative model to evaluate them. The SPI analysis also
addressed the feedback through the development of a matrix to support technical
system SPI definition and/or selection based on the S-Cycle. This analysis formed
the final part of the evaluation.

In the following sections, each element of the approach is explained individually.
Section 7.1 details the work conducted during the three case studies, and briefly
describes the worked examples. In Section 7.2, the pilot study carried out prior to
the two workshops is discussed, along with the format of the workshops and the
practical exercise and questionnaire designed to facilitate appraisal of the model
by engineering designers. Section 7.3 delineates the analytical study conducted to
rationalise SPIs, and Section 7.4 provides a summary of the chapter. Note that
certain sections draw from papers appended to the thesis. Part of Section 7.1.2
presents a summary of Section 6.3 of Paper C. Section 7.1.3.2 draws partially from
Paper D. Finally, Section 7.3 presents a summary of elements of Paper B.
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Figure 7-1: Chronology and structure of the evaluation approach

7.1 Case studies and worked examples

Each of the three case studies conducted was carried out by a different researcher,
facilitating triangulation of the findings as discussed in Chapter 2. CS2 was
conducted by the author, whilst CS1 and CS3 were carried out by two postgraduate
students (Student A and Student B, respectively) as part of a Master’s degree in
sustainable engineering. The students were part of different course cohorts -
Student A from 2012/2013, and Student B from 2013/2014. Thus, they worked
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independently of one another. All of the studies involved the application of the
model to a technical system in industry, although the specific objectives varied
depending on the context as shown in Section 7.1.3 below. As noted in the
introduction to Chapter 7, a guideline was developed to support the application of
the model to the systems studied. This is discussed in Section 7.1.1. Before the
case studies were conducted, the worked examples were produced to provide
initial evaluation of the model and the guideline. These are briefly outlined in
Section 7.1.2. The three case studies are detailed in Section 7.1.3. Finally, an
analysis of documentation produced during the case studies conducted in order to
draw conclusions regarding the evaluation of the S-Cycle model is outlined in
Section 7.1.4.

7.1.1 The S-Cycle guideline

As highlighted in Chapter 4, organisations are under increasing consumer and
regulatory pressure to improve the sustainability of their technical products/
systems. Additionally, one of the issues to be addressed by the research is the lack
of a common approach for determining SPIs for technical systems (12), as
discussed in Chapter 5. On this basis, it was decided to orient the S-Cycle
guideline towards assessing and improving a technical system'’s sustainability
performance. As noted above, this guideline supported the application of the
model to systems during the case studies, and helped to foster a consistent
approach among the three researchers conducting the studies. An overview of the
guideline and its development is provided in this section - the full guideline is
included in Appendix 8A.

The format of the guideline is based on a guide for measuring and managing
organisational performance developed by Neely et al. (2002b). This guide is split
into several parts, beginning with an overview and then moving on to a
“workbook” laying out a stepwise procedure for measuring and managing
performance. For each step in the procedure, aims, tasks, expected outcomes, and
suggested documentation are outlined. A similar structure is adopted in the S-
Cycle guideline, which consists of four parts:

e Part 1, Overview - provides background on sustainability and the S-Cycle
model;

e Part 2, Using the S-Cycle model - details a stepwise procedure for
improving the sustainability performance of a system (Figure 7-3), using
the model as a tool to support the interpretation of behaviour and
identification of SPIs;

e Part 3, Glossary of terms - lists definitions of key terms employed
throughout the guideline; and
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e Part 4, References - provides a list of work cited throughout the guideline.
Suggested documentation was also developed to support various steps in the
guideline. This documentation is partially based on documentation developed by
Duffy (2006) to support performance measurement in design. Although
suggestions are made regarding documentation and methods to support various
tasks in the guideline, these are recommendations and may be substituted for
others to suit the particular preferences and expertise of those carrying out the
process.

The content of Part 1 of the guideline is drawn from the literature covered in
Chapters 3 and 6 of this thesis, and is intended to introduce sustainability and the
S-Cycle model to a practitioner with limited knowledge of the topic. The core of
the guideline is the aforementioned procedure for improving system sustainability
performance (Part 2), named the S-Cycle Performance Improvement Process (S-
CPIP). Asillustrated in Figure 7-3, the S-CPIP consists of six steps. These are
based on the activities described in a model of the performance improvement
process outlined by O’Donnell and Duffy (2005, p.9) as part of their work on design
performance measurement and management (Figure 7-2). Whilst the model refers
to the performance of business processes such as design, the activities it describes
are generic and thus, may also be applied to the design artefact i.e. technical
systems. The following key activities are involved, and the process overall is
presented as “cyclic” in nature:

e Assessment, aimed at “establishing values for different aspects of
performance through the application of particular performance
metrics/measures [indicators].” The focus is on “key elements of the
particular business process(es), i.e. the inputs, outputs, goals and
resources.”

e Analysis, “aimed at providing information on the causes of high or low
performance to support decision making for improvement.” Analysing
performance provides “a more comprehensive understanding of the
performance in the process.”

e Action, where the “output from analysis provides the necessary information
to support decision making in relation to the necessary actions to achieve
improved performance.” Decisions may “may result in actions such as the
allocation of resources, definition of goal priorities, implementation of
controls, etc.”

The S-CPIP is illustrated in Figure 7-3. Readers are referred to the guideline in
Appendix 8A for a full description of the process; however, a brief overview is
provided here. Steps 1 and 2 focus on the definition of sustainability objectives for
the chosen system, and the interpretation of system behaviour with the S-Cycle to
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define system sustainability goals. Steps 3 and 4 provide guidance on how to
assess and analyse sustainability performance through the identification and
evaluation of appropriate SPIs. This guidance is largely drawn from the E2 model
defined by O’Donnell and Duffy (2005), which describes performance in terms of
its two fundamental components - that is, efficiency and effectiveness. The E2
model is generic and as such, O’'Donnell and Duffy (2005, p.10) suggest that it
“supports the modelling of design performance within any situation.” A detailed
discussion on the E2 model and an example application to a manufacturing system
are provided in Sections 2.1 and 2.2 of Paper B (Appendix 2). Step 5 involves
taking action to influence performance. Performance is then assessed and
analysed post-action, following the same guidance provided in Steps 3 and 4, to
determine if any improvement has been attained. Finally, Step 6 centres on the
implementation of a continuous improvement process for the technical system in
question, reflecting the cyclic nature of performance improvement as highlighted
by O’Donnell and Duffy (2005). However, it is acknowledged that this may not be
appropriate for all technical systems and applications of the guideline. For
instance, it may simply be desired to assess sustainability performance without
taking any action to improve it, in which case it is not necessary to implement
continuous improvement.

Decision

N

Action

r—-»| Assessment Anaiysis

l e : ~
' Business processes
I
I
! [ Design ] [Manufacture] [ Distribution ] ..............
|
A inputs inputs inputs
outputs outputs outputs .
goals goals goals ..
resources resources resources ...

Figure 7-2: A model of the performance improvement process (reproduced from O’Donnell

-

and Duffy 2005, p.9)
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Figure 7-3: The S-Cycle Performance Improvement Process (S-CPIP)
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7.1.2 Worked examples

As noted above, two worked examples were produced to provide initial evaluation
of the S-Cycle model and its use. For WE1, the model was applied to a bioethanol
production system according to the process described in the S-Loop model
(introduced in Chapter 6). The major function of this system is to convert corn
into bioethanol and dried grains, both intended for eventual use as biofuels. The
system is described in the literature by Ulgiati et al. (2011), who represent its
behaviour in an energy systems diagram illustrating the major system activities
and supporting resource stocks. This diagram is presented in Figure 7-4. The
system was chosen as the focus for WE1 for two reasons:

e Itis an instance of a technical system, involving a number of sub-systems
that closely interact with one another and the surrounding environment.
Therefore, it aligns with the context of the research.

e The sustainability of biofuel production is increasingly under scrutiny,
owing to its utilisation of land and other resources ordinarily used for food
production. This leads to a potential trade-off between the two production
processes in terms of their sustainability. Thus, it was felt that the system
would form an appropriate challenge for evaluating the S-Cycle model.

The various sub-systems comprising the system carry out a range of activities,
including: the production of steam and electricity to drive the production process;
the preparation, cooking, fermentation, and distillation of corn to produce ethanol
and distillery grains; drying of distillery grains; and storage of the dried grains and
ethanol before they are transported for sale and use. Owing to the necessary space
limitations of a journal article, the S-Cycle model was applied to the aggregate of
these sub-activities rather than each one individually. That is, the activity of
“bioethanol production.” The Sol boundary was defined as including the
bioethanol plant, as well as the resource stocks providing its direct inputs as
described in the energy systems diagram in Figure 7-4. Applying the model
yielded a visual interpretation of the system activity (Figure 7-5), a set of
sustainability goals and corresponding metrics of efficiency and effectiveness for
the system, and a list of actions that could potentially improve system
sustainability performance. The worked example was published in Paper C
(Section 6.3 - Appendix 3).
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Figure 7-4: Energy systems diagram describing the bioethanol production system studied in
WE1 (from Ulgiati et al. (2011, p.182))

WE?2 was produced by Student B during the early stages of CS3, as a means to
support explanation of the S-Cycle model and guideline to engineering designers in
industry. For this example, the model was applied to a petrol car engine according
to the S-CPIP detailed in the guideline. The major function of this system is to
convert petrol and air into mechanical power. It was chosen as the focus of WE2
by Student B for the following reasons:

e Itis an example of a technical system that whilst still relatively complex, is
commonplace and would therefore likely be familiar to the engineering
designers involved in discussions with the student.

e Petrol engines produce greenhouse gases as a byproduct of their internal
combustion process. Accumulations of anthropogenic greenhouse gases in
the atmosphere are believed to be a major driver of global warming, which
in turn may compromise the sustainability of human activity in the Earth
system. It is therefore desirable to reduce emissions of greenhouse gases
by human activities and systems. Thus, as with the bioethanol production
system in WE1, it was felt that the petrol engine would form an appropriate
challenge for evaluating the S-Cycle model.
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Applying the model once again yielded a visual interpretation of the system
activity (Figure 7-6), and a set of sustainability goals and corresponding metrics of
efficiency and effectiveness for the system. Although not explicitly stated, it is
inferred from Student B’s dissertation (Student B, 2014) that the Sol boundary was
defined as including the engine and the natural resource stocks ultimately
providing its direct inputs. For instance, as shown in Figure 7-6, the input of petrol
was interpreted as non-renewable, which suggests that the Sol included the non-
renewable stock of crude oil from which petrol ultimately originates. The goals
and metrics defined by Student B were recorded in two tables developed to
support Steps 3 and 4 of the S-CPIP. Several actions to improve the sustainability
performance of the engine were also suggested, which are reported in the
student’s dissertation (Student B, 2014).

bioethanol plant & resource
stocks required for
direct inputs

renewable Ve ~N
resource stock Key:

) >»— | flow of entities
W = solid

emissions + | activity input
greenhouse

gases (o) activity output

RR = air + water
+ corn & residues + electricity

NRR + goods & services

= coal .
K R active
resources

G activity goal

IR intended
resources
bioethanol e NRR | non-renewable
production T resources

RR | renewable
resources

IY = DDGS Y intended yield

+ ethanol

W waste

RR = labour + machinery

+ enzymes + yeasts IR = HP & LP steam

+ electricity + flue
gases + LP condensate
+ warm gases

non-renewable
resource stock

Figure 7-5: S-Cycle interpretation of the bioethanol production system activity
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Figure 7-6: S-Cycle interpretation of a petrol car engine activity (adapted from Student B
(2014))

7.1.3 Case studies

Given that the S-Cycle model was developed through inductive literature research,
industrial practice formed an appropriate basis for evaluation. Accordingly, the
three case studies introduced in the introduction to Chapter 7 focused on
application of the model to technical systems in industry. Before the studies could
be carried out, it was necessary to negotiate access to information on suitable
systems. To expedite this process, it was decided to approach two companies
already holding longstanding research partnerships with the University of
Strathclyde - namely, Babcock Marine (hereafter Babcock) and BAE Systems
Maritime (hereafter BAE Systems). Both organisations are in the business of
designing, manufacturing, and maintaining complex technical systems for the
defence sector in the United Kingdom (Babcock International Group PLC, 2014;
BAE Systems Maritime, 2014). The companies each expressed a desire to apply the
model to systems on a warship, in turn providing an opportunity to carry out the
case studies. A warship may be considered to provide a suitable context for
evaluation of the model for two reasons:

e A warship is an instance of a large-scale technical system, comprised of
numerous interdependent sub-systems that closely interact with one
another and the ship’s working environment, e.g. the sea, the atmosphere,
and other ships. Therefore, it aligns with the context of the research.

e Whilst at sea, and particularly in between replenishment efforts by supply
ships, a warship and its human population (i.e. the ship’s staff) are required
to operate as a self-sustaining system. This requirement must be
considered during the design of the ship’s sub-systems. For instance, the
ship must have the capability to produce its own electrical power, heating
and cooling, and fresh water, and to process its own waste. Essentially,
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from a sustainability perspective, a warship may be viewed as a microcosm
of the Earth system, exhibiting limited interactions with its surrounding
environment such as the consumption of sea water from the sea. Thus, it
was felt that this system would form an appropriate challenge for
evaluating the S-Cycle model.

As noted in the introduction to Chapter 7, the systems studied were an HVAC
system (CS1), and a CW system (CS2) and its CW plant sub-system (CS3). The
HVAC system was developed by Babcock Marine, whilst the CW system and its CW
plant sub-system formed part of a generic system layout used by BAE Systems
Maritime to design CW systems for different warships. As such, the systems
studied did not physically form part of the same warship. Nonetheless, they may
be viewed as elements of a general warship design. Figure 7-7 presents a
schematic showing a simplified layout of the systems. This figure is based on a
schematic found in Defence Standard 02-102, which defines design requirements
and standards for ventilation, air conditioning, and cooling equipment aboard
naval ships (Ministry of Defence, 2000). Note that the original schematic from the
defence standard has been extended to better illustrate the CW system - this
extension is based on descriptions of the CW system provided in Paper D
(Appendix 4).

The primary functions of the HVAC system are the delivery of a heating or cooling
effect to an input of air, and the distribution of the warm/cool air around the ship
to provide ventilation. The major functions of the CW system are the production
and circulation of a flow of chilled water throughout the ship, where it is used as a
cooling medium by other systems (including the HVAC system). The CW plant sub-
system of the CW system carries out the function of producing chilled water, by
removing heat from the flow of used cooling medium returning from equipment
aboard the ship and rejecting it to the sea via a flow of sea water overboard. The
CW system contains multiple CW plants to serve different parts of the ship. It may
be seen in Figure 7-7 that the HVAC system interfaces with the CW system, using a
portion of the CW system’s chilled water flow to cool a flow of air via a heat
exchanger.

An overview of the context and work conducted for each case study is provided in
the following sub-sections.
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Figure 7-7: Schematic of a simplified HVAC and CW system layout on a warship
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7.1.3.1 Case 1 (CS1)

CS1 was carried out by Student A in collaboration with Babcock. The student was
based within the University of Strathclyde for the duration of the study, which was
carried out between November 2012 and August 2013. However, they had regular
contact with representatives from the company via face to face meetings and email
exchanges.

CS1 consisted of Student A’s postgraduate Masters dissertation project. The aim of
Student A’s investigation was to “assess the characteristics, environmental
sustainability and impacts of air-cycle based HVAC systems in comparison to HCFC
[hydrofluorochlorocarbon]-based HVAC systems” (Student A, 2013), to determine
whether the former type of system is suitable for use on naval ships. To achieve
this aim, the student applied the S-Cycle model and guideline to assess and
compare the sustainability performance of the two types of HVAC system. The part
of the student’s investigation focusing on the technical characteristics of the
systems is not discussed in this thesis as it is irrelevant with respect to evaluation
of the S-Cycle model.

Steps 1 to 4 of the S-CPIP were executed during CS1. The major outcomes of
applying the model to the air cycle- and HCFC-based HVAC systems were:
e atextual description of HVAC system behaviour from a sustainability
perspective;
e asetof ranked sustainability goals for the systems;
e aset of metrics of efficiency and effectiveness relating to the defined goals;
e metric values for both types of HVAC system studied, facilitating a
comparison of the systems on the basis of their sustainability performance;
e asetof targets to improve the performance of the air cycle-based HVAC
system benchmarked against the performance of the HCFC-based HVAC
system; and
e asetof suggested actions to achieve the performance improvement targets.
The guideline documentation filled out by Student A to record sustainability goals
and metrics, improvement targets, and actions to achieve improved performance is
included in Appendix 8B.

[t should be noted that a difficulty faced by Student A throughout CS1 was a lack of
available data on the behaviour and performance of HVAC systems currently
installed on Babcock’s ships. Additionally, the aim of the student’s project was to
determine the suitability of air cycle-based HVAC systems for use on naval ships.
This type of system is not currently used in this context and thus, it is reasonable to
assume that data on behaviour and performance is limited. Given the time
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constraints of Master’s research, the student decided to utilise data on similar
HVAC systems used on trains. In this context, “air-cycle HVAC systems have
already been implemented for several years” (Student A, 2013, p.49). This data
was used as the basis for applying the S-Cycle model to the systems studied.

7.1.3.2 Case 2 (CS2)

CS2 was carried out by the author in collaboration with BAE Systems. The author
was based within the company for the full duration of the study, which was carried
out between October 2013 and May 2014.

As noted previously, the system studied in CS2 was the CW system on a warship.
BAE Systems desired a formal model of the system that could provide insight into
its behaviour, potentially leading to improved system design. To address this need,
a project aiming to develop a model of the CW system for future use by the
company was undertaken by the author. As part of this project, Step 1 and part of
Step 2 of the S-CPIP were executed, with the developed CW system model
providing the basis for applying the S-Cycle model to the CW system. The
definition of system sustainability goals, which forms part of Step 2, was not
carried out owing to time constraints. The IDEFO modelling language was chosen
to represent the CW system. According to the standard that defines the language,
it may be used “for systems composed of people, machines, materials, computers
and information of all varieties” (NIST, 1993, p.7). Therefore, it provides a suitable
means to model a technical system. Additionally, engineering designers at the
company were familiar with the language. As such, its use facilitated the
development of a model that would be understandable by its intended users.

Using the IDEFO language, a system is modelled in terms of the major activities it
performs, the inputs and mechanisms required for successful execution of these
activities, the outputs produced as a result of the activities, and the controls that
govern these outputs. Mechanisms carry out processing to produce outputs, whilst
inputs are the materials, energy, and information processed by the mechanisms.
Controls are conditions that govern the production of outputs from inputs by
mechanisms. Activities may also be referred to as functions within the language.
In turn, a model built with the language may be referred to as a function model -
this terminology is adopted throughout the thesis. The two key elements of the
language are: (i) boxes, which represent activities; and (ii) arrows, which represent
the inputs, mechanisms, outputs, and controls associated with each activity. The
IDEFO activity representation is presented in Figure 7-8. It may be seen that this
representation closely resembles the activity formalism used in the S-Cycle model.
Thus, an advantage of the IDEFO0 language in the context of this research is that it
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aligns with the S-Cycle model. For the purposes of CS2, IDEFO0 inputs were equated
with passive resources and mechanisms with active resources as shown in Figure
7-8.

The complete CW system function model is comprised of a hierarchical set of
diagrams, describing the activities carried out by the CW system at different levels
of decomposition. That is, the activities carried out by the CW system as a whole
and its constituent sub-systems, as illustrated in Figure 7-9. The full set of
diagrams is included at the end of Paper D in Appendix 4. Each diagram details the
sub-activities of a parent activity described in a higher level diagram. The only
exception is the A-0 diagram - this details the overall activity carried out by the
CW system as a whole, for which no parent activity is modelled. Each activity in
the model is assigned a code identifier, which corresponds with the diagram
detailing the decomposed activity. This kind of structure is common to all function
models built using IDEFO0, and is illustrated in Figure 7-10 using an electric
screwdriver as a simple example for the purposes of clarity. The code identifiers in
Figure 7-9 correspond with the diagrams included in Appendix 4.

controls

inputs —————» Activity ———— outputs
[= passive
resources])

mechanisms
[= active resources]

Figure 7-8: The IDEFO0 activity representation as it is interpreted in this thesis

The function model was validated through a series of individual and group
interviews with five engineering designers at BAE Systems, collectively holding
over 120 years of experience in engineering. Included in this group were two
engineers each holding over 35 years of experience. The process undertaken to
develop the CW system function model, including validation of the model, is
discussed in detail in Section 2 of Paper D (Appendix 4). The full function model is
also included at the end of the paper.
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Structure of the physical CW system and the function model8

Figure 7-9

low pressure; mechs. = mechanisms; PLCs

high pressure; LP
platform management system; SW = sea water; TEx valve

8 Abbreviations: CW = chilled water; HP

programmable logic centres; PMS

expansion valve

thermostatic
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The major outcome of CS2 was an interpretation of current CW system behaviour
from the perspective of the S-Cycle model. The interpretation was captured in a
spreadsheet - an excerpt from this is included in Appendix 9. Additionally, the
results were recorded visually on the IDEF0 diagrams comprising the CW system
function model. The full set of interpreted diagrams is presented at the end of
Paper D in Appendix 4. The interpretation process and major outcomes are
discussed in Section 3 of Paper D. Nonetheless, a brief overview is provided here.
Firstly, the wider Sol supporting the operation of the CW system activity was
defined as a warship at sea undertaking a 90 day mission. This boundary was
defined by the author in consultation with engineering designers at the company,
and reflects the company’s interest in the sustainability of the CW system whilst
the ship has limited access to external resources. Inputs, mechanisms, and outputs
in the function model were then interpreted and categorised as renewable
resources, non-renewable resources, intended resources, intended yield, waste, or
“unknown” if not covered by the S-Cycle model. To determine whether a particular
resource involved in the activity was renewable or non-renewable, it was traced
back to the stock that replenished it within the defined Sol. Additionally, the
destination of intended yield and waste outputs within the Sol was also recorded.
Note that informational inputs, outputs, and controls were not considered during
the interpretation owing to the focus of the research on materials and energy as
discussed in Chapter 1.

The S-Cycle interpretation of inputs, mechanisms, and outputs was checked by a
group of 11 engineering designers at BAE Systems, collectively holding over 250
years of experience, who largely accepted it as correct. The exercise carried out by
the engineering designers to check the interpretation formed part of WS1 and is
discussed in detail in Section 7.2.1.

7.1.3.3 Case 3 (CS3)

CS3 was carried out by Student B in collaboration with the same company involved
in CS2, i.e. BAE Systems. Unlike the thesis author in CS2, the student was based
within the University of Strathclyde for the duration of the study, which ran
between November 2013 and August 2014. During this time, they had several
face-to-face meetings with representatives from the company. They also
conducted an interview with a senior principal engineer holding over 35 years of
experience, to obtain information on the system studied and feedback on their
work. Additionally, they were in regular contact with two representatives from the
company via email, delivering weekly updates on the project and requesting
information.
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CS3 consisted of Student B’s postgraduate Masters dissertation project. The work
conducted and the findings are reported in full in the student’s dissertation. The
aim of Student B’s project investigation was to “define, evaluate, and analyse
sustainability performance indicators for the cooling system on a ship” (Student B,
2014, p.3). To achieve this, the student built upon the work conducted in CS2 to
model the CW system and interpret its behaviour using the S-Cycle model. As
highlighted in Section 7.1.3.2, Steps 1 and 2 of the S-CPIP were carried out for the
CW system during CS2. Although in the context of this thesis, the work carried out
in CS3 may be viewed as a continuation of work conducted in CS2, Student B
viewed CS3 as a self-contained project and took ownership of it as such. Thus, they
carried out elements of Step 1 of the process, to secure the engagement of decision
makers at BAE Systems and to explain the aim of their dissertation project. The
student then carried out the final tasks of Step 2 not completed in CS2, i.e. the
definition and ranking of goals, as well as Steps 3 and 4. However, rather than
focusing on the assessment and analysis of sustainability performance for the
whole CW system, they focused on the CW plant sub-system owing to time
constraints on their dissertation project.

Student B was provided with a copy of Paper D and the CW system function model
as the basis for their work (Appendix 4). Using the S-Cycle interpretation of the
function model developed in CS3, they defined a set of ranked sustainability goals
and associated performance metrics for the CWP sub-system of the CW system.
The guideline documentation listing the sustainability goals and metrics is
included alongside the documentation from CS1 in Appendix 8B. BAE Systems
desired to obtain information on the sustainability performance of a specific CWP
system currently being designed by the company. As the physical system had not
yet been manufactured, limited data was available on its performance. Therefore,
Student B used the CW system function model to develop a quantitative model that
simulates the performance of the specific CWP system under study. Once values
had been obtained for the metrics and indices using the quantitative model,
Student B identified several areas where performance could potentially be
improved. Additionally, they suggested actions that could be taken by the
designers of the system to bring about the improvements. However, unlike
Student A in CS1, Student B did not set formal performance improvement targets
for the system. Rather, the potential improvements are described in a largely
qualitative manner as part of the student’s discussion in their dissertation.

7.1.4 Case study analysis

As discussed in Section 7.1.3, the work conducted in CS1 and CS3 by Students A
and B is reported in the students’ respective Masters dissertations. Similarly, the
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research carried out by the author in CS2 is documented in Paper D (Appendix 4).
Additional documentation was also produced by the author over the course of CS2,
including a log book of personal reflections and notes from unstructured
interviews and group discussion sessions. In order to draw conclusions from the
case studies regarding evaluation of the S-Cycle model, these documents were
analysed. The analysis of documentation from each case study was carried out in
the order the cases studies were conducted chronologically, and in two stages.
Note that the analysis was carried out by the author alone.

The first stage in the analysis was in depth analysis of Student A’s dissertation
(CS1). That s, the dissertation was interpreted line-by-line. Statements written by
the student were interpreted and assigned code identifiers, leading to a number of
initial conclusions regarding different aspects of the S-Cycle model. Next, the
documentation produced by the author (CS2) and the dissertation produced by
Student B (CS3) were analysed in relation to the conclusions drawn from the
analysis of Student A’s dissertation. Additionally, a brief document provided by
Student B containing written feedback on the model and guideline was also
analysed. This documentation was analysed in less depth than the first
dissertation. That is, the documents were not interpreted line-by-line. Rather,
upon reading the documents, statements falling into one of the following three
categories were recorded and assigned a code identifier:
e statements interpreted as supporting a conclusion drawn from the analysis
of Student A’s dissertation;
e statements interpreted as contradicting a conclusion drawn from the initial
analysis; and
e statements considered to highlight additional conclusions with respect to
one of the issue categories outlined above, which did not emerge from the
initial analysis. In the case of these statements, a new conclusion was added
to the relevant issue category.

7.2 Expert appraisal

As discussed in the introduction to Chapter 7, the S-Cycle model underwent
appraisal by engineering designers and managers during two interactive
workshops (WS1 and WS2). These workshops were carried out with participants
from two different companies: WS1 involved participants from BAE Systems
(where CS2 and CS3 were conducted as discussed in Section 7.1.3), and WS2
involved participants from a British energy company, hereafter referred to as
Company A. The structure and content of the workshops differed slightly owing to
differences in the settings:
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e WS1 was held at BAE Systems at the end of CS2. In addition to evaluation of
the model, this workshop also involved dissemination of the CW system
function model and the findings of CS2 to participants. Additionally,
participants were asked to check the author’s S-Cycle interpretation of the
function model, as highlighted in Section 7.1.3.2. The planned duration of
this workshop was approximately 2 hours. It was felt that this would
provide sufficient time to complete the practical exercise, questionnaire,
and checking of the function model interpretation. From another
perspective, it was considered short enough to maintain the attention of
participants, who volunteered their time during a working day.

e WS2 was delivered as part of a continuing professional development course
provided to employees of Company A at the University of Strathclyde. As
such, the focus was primarily upon educating participants on sustainability
and the S-Cycle model, as well as the process involved in applying it. The
planned duration of this workshop was approximately 3 hours. It was felt
that this would provide sufficient time to present a series of explanatory
examples to educate participants, and also for them to complete the
practical exercise and questionnaire.

During the practical exercise delivered at both workshops, participants were asked
to apply the S-Cycle model to a system of their choice that they were familiar with.
They were also instructed to annotate the model to indicate any aspects that they
disagreed with or felt were incomplete. The questionnaire asked participants to
rate the model’s comprehensiveness, as well as various aspects of its utility, along
a Likert scale running from poor to excellent around a neutral option of no opinion.
A box for open responses was also included for each question to capture comments
from participants. Comprehensiveness in this context refers to the degree to
which the model covers the aspects of a technical system’s behaviour that are
relevant from a sustainability perspective. Utility refers to the model’s usefulness
and fitness for purpose. The aspects of utility that were considered were:

(i) ease of understanding by engineering designers;

(ii) the model’s effectiveness as a tool for interpreting the behaviour of a

technical system; and
(iii) the model’s effectiveness as a tool for explaining the concept of
sustainability.

In addition to the practical exercise and questionnaire, participants in WS1 were
asked to consider selected activities from the CW system function model and
indicate agreement or disagreement with how the author had interpreted them
with the S-Cycle model.
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Prior to the workshops, a pilot study was conducted so that: (i) the practical
exercise, questionnaire, and exercise to check the interpretation of CW system
activities would be understandable by participants; and (ii) sufficient and reliable
data could be collected during the time allocated for each workshop. The pilot
study is discussed in Section 7.2.1, before WS1 and WS2 are detailed in Section
7.2.2.

7.2.1 Pilot study

Three researchers in DMEM at the University of Strathclyde participated in the
pilot study. They were selected as pilot participants on the basis that they had
expertise in the area of systems engineering and engineering design (27 years of
experience collectively), as well as experience working with engineering designers
in industry. Their profiles are presented in Table 7-1 — each has been assigned a
code identifier that is used throughout this thesis to maintain their anonymity.
During the pilot, these participants were firstly provided with an introductory
presentation on sustainability and the S-Cycle model. Following this, they
completed the practical exercise and the questionnaire. The CW system activities
to be checked were discussed, but the pilot participants felt that they did not have
sufficient knowledge of the system to check the S-Cycle interpretation.
Nonetheless, useful feedback on how to most effectively facilitate the task was
obtained from the discussion. Following the pilot study, a number of changes were
made to the practical exercise, the questionnaire, and the exercise to check the
interpretation of CW system activities as discussed below.

Table 7-1: Profiles of researchers selected as pilot participants

Pilot participant ID | Field Years of experience
PS-1 Systems/engineering design 6

PS-2 Product design/systems engineering 12

PS-3 Mechanical engineering 9

Changes to the practical exercise largely centred on an A3 template designed to
facilitate application of the S-Cycle model to a system by workshop participants.
Originally, the model was presented in the middle of the page, with boxes attached
to each input/output for participants to provide examples from their selected
system. All labels applied to inputs/outputs in the model (e.g. renewable
resources, intended resources, waste, etc.) were abbreviated, and a key was
provided separately. However, the pilot participants remarked that the layout,
coupled with the abbreviations, made the exercise somewhat overwhelming. It
was unclear where to start filling out the template, and it was difficult to
simultaneously apply the model and refer to the abbreviations key. Following the
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pilot, the layout was changed so that the model was presented on the left hand side
of the page. To provide more structure to the exercise, the response boxes were
moved to the right hand side of the page and categorised as passive resources (i.e.
renewable and non-renewable), active resources (i.e. renewable and non-
renewable), and outputs (i.e. intended resources, intended yield, and waste). Each
category was also numbered from 1 to 3. Additionally, labels were written in full
on the template rather than abbreviated, negating the need for a separate key. An
example of a completed template was also developed to provide a clearer idea of
the expected outcome of the exercise. For both workshops, a system with no
obvious relation to the participants’ area of engineering expertise was chosen to
ensure that responses would not be influenced by the example.

A second major change made to the exercise following the pilot was the decision to
implement it as a group activity. Originally, it was intended to be completed by
participants individually - however, during the pilot, the participants indicated
that it would likely be easier and quicker to complete as a group. A number of
minor changes were also made. For instance, the terms passive and active
resource were not easily understood by the pilot participants. As such, the
terminology of the IDEFO0 language (i.e. inputs and mechanisms) was used in the
evolved template, as it was felt that this would be more intuitive for engineering
designers. Furthermore, the term intended yield was considered to have strong
connotations to different concepts in other contexts, e.g. economics and
agriculture. Thus, this was changed to intended output. This terminology is used
throughout the remainder of this thesis. The final version of the template is
included in Appendix 10A.

With respect to the questionnaire, the pilot participants felt that the information
provided to them during the introductory presentation coupled with their
experience during the practical exercise was not sufficient to enable them to
answer several questions. These questions related to the model’s effectiveness as
a tool to support the improvement of a technical system’s sustainability
performance. It was decided to remove these from the questionnaire, as the
practical exercise did not provide a deep enough understanding of the model’s
capabilities in this respect. Additionally, one of the questions was originally
worded as: “Ease of use as a systems analysis tool.” The pilot participants felt that
the term “analyse” implied a much more detailed treatment of system behaviour
than was actually achieved during the practical exercise. As such, it was decided to
re-word the question to: “Ease of use as a tool for interpreting system behaviour.”
The questionnaire is also included in Appendix 10A.
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Finally, although the exercise to check the sustainability interpretation of CW
system activities was not actually carried out during the pilot study, the pilot
participants provided useful feedback that resulted in a major change. Originally,
it was intended that participants in WS1 would be given the interpreted IDEFO
diagrams from the function model (included alongside Paper D in Appendix 4) and
asked to annotate these, indicating their agreement/disagreement with the
interpretation and providing comments. On the basis of the pilot participants’
experience working with engineering designers in industry, they suggested that
the exercise would require more structure in order to be successful within the time
allocated to the workshop. As such, it was decided to focus the exercise on key
activities from the function model. The nature of the IDEFO modelling language
means that certain inputs, mechanisms, and outputs are repeated multiple times in
the model. As such, activities where the majority of inputs, mechanisms, and
outputs were duplicated elsewhere in the model were excluded from the exercise.
The activities to be checked were presented on A3 paper to ensure they were
clearly legible. Brief descriptions of each input/mechanism/output and its S-Cycle
classification were provided alongside the activities, with a box for workshop
participants to indicate agreement or disagreement with the author’s
interpretation and provide brief reasons for their response. The activities to be
checked were split into two sets to be given to different groups of participants. An
example of the format used for the activity sets is included in Appendix 10A.

7.2.2 Workshops

The two workshops carried out with practicing engineering designers in industry
following the pilot are outlined in the following sub-sections. As shown, a
combination of engineers and engineering managers with different levels of
experience participated. Participants are collectively referred to as “engineering
designers” throughout the thesis, reflecting their role in the engineering design
process (discussed in Chapter 4).

7.2.2.1 Workshop 1 (WS1)

WS1 was held at BAE Systems on Wednesday 30t April 2014 with eleven
participants. These participants were engineers and engineering managers
working within the company, with years of experience ranging from 5.5 to over 40
as shown in Table 7-2. Collectively, the group held over 250 years of experience.
Included in the group were an engineering manager and senior principal engineer
for modelling and simulation, with 17 and 35+ years of experience respectively.
Each participant has been assigned a code identifier that is used throughout this
thesis to maintain their anonymity.
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The workshop lasted for approximately two and a half hours. An introductory
presentation on sustainability and the S-Cycle model was first provided. Following
this, the practical exercise was completed by participants in groups of two to three.
Participants were asked to select a sub-system they were familiar with within the
boundary of a warship. A warship was selected as the context owing to the
expertise and backgrounds of those involved. After a short break, a second
presentation was provided, this time focusing on the work conducted to model the
CW system and interpret its behaviour using the S-Cycle, which formed the focus of
CS2. After this, participants were again split into groups of two or three and
completed the exercise to check the author’s sustainability interpretation of the
CW system function model. Both sets of activities were checked independently by
two groups. Finally, participants filled out the questionnaire before the close of the
workshop. A selection of the completed templates from the practical exercise, A3
sheets from the exercise to check the CW system sustainability interpretation, and
questionnaires are provided in Appendix 10B.

Table 7-2: Profiles of participants in workshop 1

WS1 participant ID | Profession Years of experience
PW1-1 Engineer 2
PW1-2 Engineer 5.5
PW1-3 Engineer 5.5
PW1-4 Engineering manager 17+
PW1-5 Engineer 21
PW1-6 Engineer 26
PW1-7 Engineering manager 30+
PW1-8 Engineering manager 31
PW1-9 Engineering manager 35+
PW1-10 Engineer 35+
PW1-11 Engineering manager 44
TOTAL: | 250+

7.2.2.2 Workshop 2 (WS2)

WS2 was held at the University of Strathclyde on Monday 234 June 2014 with
sixteen participants from Company A. These participants included a mixture of
engineers and managers (working in an engineering context), with years of
experience ranging from 3 to 20 as shown in Table 7-3. Collectively, the group
held over 175 years of experience. As with participants from WS1, each
participant in WS2 has been assigned a code identifier that is used throughout this
thesis to maintain their anonymity.

The workshop lasted for approximately three hours. One presentation was
provided to participants. This covered: an introduction to sustainability and the S-
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Cycle model (similar to the introductory presentation provided to participants in
WS1); a series of examples to illustrate the application of the model to different
systems at different levels within a combined heat and power (CHP) plant; an
overview of the S-Loop model (Chapter 6) and the S-CPIP described in the
guideline detailed in Section 7.1.1; and an example to illustrate the application of
the process to improve a CHP plant’s sustainability performance. Following a
short break, the practical exercise was completed by participants in groups of five
to six. In consultation with the workshop participants themselves, an offshore
wind farm was used as the context. Once the teams had completed the exercise, a
short discussion was held on the systems they had interpreted.

Table 7-3: Profiles of participants in workshop 2

WS2 participant ID | Profession Years of experience
PW2-1 Engineer 6
PW2-2 Engineer 8
PW2-3 Engineer 10
PW2-4 Engineer 10
PW2-5 Engineer 12
PW?2-6 Engineer 14
PW2-7 Engineer 20
PW2-8 Project manager (engineering) 3
PW2-9 Project manager (engineering) 6
PW2-10 Project manager (engineering) 7.5
PW2-11 Project manager (engineering) 10
PW2-12 Project manager (engineering) 13
PW2-13 Project manager (engineering) 14
PW2-14 Project manager (engineering) 20
PW2-15 Project manager (engineering) 20
PW2-16 Site manager (engineering) 5
TOTAL: | 175+

Before the close of the workshop, participants filled out the questionnaire. It
should be noted that changes were made to the wording of two questions
following analysis of the questionnaire responses received at WS1. During WS1,
participants were asked to rate the model with respect to its “comprehensiveness
in describing the physical aspects of a technical system’s behaviour.” This was
intended to capture opinions on the comprehensiveness of the elements and
relationships used to describe the behaviour of a technical system in the model.
However, WS1 participants instead provided opinions on certain aspects of the
model’s utility (discussed in Chapter 8). In an effort to capture opinions on the
model’s comprehensiveness during WS2, the wording of the question was changed
to “coverage of the sustainability aspects of a technical system’s behaviour.”
Nonetheless, certain WS2 participants again provided comments on the utility of
the model rather than the elements and relationships in response to this question
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(also discussed in Chapter 8). Furthermore, WS1 participants were asked to rate
the model with respect to its “ease of use as a tool for interpreting the behaviour of
a technical system.” This was intended to elicit opinions on the model’s fitness for
purpose as an interpretation tool. However, participant PW1-7 commented that
“you don'’t necessarily want or expect an analytical tool to be easy to use - [it] must
match the complexity of the problem.” On the basis of this insight, it was decided
to alter the wording of this question to read “effectiveness as a tool for interpreting
the behaviour of a technical system” for WS2.

A selection of the completed templates from the practical exercise and completed
questionnaires are provided in Appendix 10B alongside the output from WS1.

7.3 Sustainability performance indicator study

As highlighted in the introduction to Chapter 7, the final element of the evaluation
approach was an analytical study focusing on the rationalisation of SPIs applied to
technical systems using the S-Cycle and the E2 performance model. As discussed in
Section 7.1.1, guidance on the identification and evaluation of SPIs provided in Step
4 of the S-Cycle guideline is largely drawn from the E2 model. A brief overview of
the study is provided here; however, readers are referred to Paper B (Appendix 2)
for further details, where the study and findings are reported in full. The study
was motivated by the observation that there is little formal guidance on what
constitutes a comprehensive set of SPIs for a technical system. In response, the S-
Cycle model was applied to develop a generic classification of SPIs to guide the
selection of a comprehensive set for a technical system. The resulting classification
is known as the S-Cycle Performance Matrix (Figure 7-11).

The first step in developing the matrix was the identification of criteria for
comprehensive SPI sets from the literature. Literature on both performance
measurement generally and sustainability performance evaluation of technical
systems specifically was considered, leading to the following three criteria: (i)
inclusion of both efficiency and effectiveness indicators, in line with the E2
performance model defined by O’Donnell and Duffy (2005); (ii) coverage of all
sustainability goals governing the technical system (Neely et al., 2002b); and (iii)
inclusion of indicators measuring performance at different spatio-temporal scales
(Ulgiati et al,, 2011). Additionally, definitions of key terms involved in
performance assessment were identified from the literature. In particular, the
terms “SPI,” “indicator” and “metric” have thus far been used synonymously to
refer to some quantitative or qualitative measure of a system’s sustainability
performance in this thesis. However, they were more rigorously defined during
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the literature study to ensure consistency. The key definitions identified were as
follows:

e performance refers to the efficiency and effectiveness of an activity (Neely
et al,, 2002a; O’Donnell and Duffy, 2005);

e efficiency is the ratio of what has been materially gained to what has been
used, whilst effectiveness is the degree to which a goal has been met
(O’Donnell and Duffy, 2005);

e performance measurement is the process of quantifying the efficiency and
effectiveness of an activity (Neely et al., 2002a, b);

e aperformance indicator is taken to be a parameter used to quantify the
efficiency or effectiveness of an activity (Neely et al., 2002b);

e aperformance metric is defined here as a specification for a broadly based
performance indicator (Neely et al.,, 2002a); and

e ameasure is considered to be an item of data required to compute a value
for an indicator (Duffy, 2005).

The S-Cycle Performance Matrix is presented in Figure 7-11. A key to the
abbreviations used is provided in Table 7-4. As shown, it is comprised of three
basic elements: a set of generic sustainability goals for technical systems; a
corresponding set of SPI archetypes for measuring efficiency and effectiveness
against the goals; and associated metrics and measures for each SPI archetype. As
shown in Figure 7-11, the scale(s) at which the measures comprising each metric
may be evaluated is also indicated in the matrix. That s, local, regional, and/or
global as discussed in Chapter 4 (Section 4.3.1). For example, the production of
waste by a technical system may be assessed over the full life cycle, accounting for
waste associated with the extraction, manufacturing, operation, and end of life
phases. That is, waste production may be assessed at the global scale. In contrast,
intended output is produced directly by the technical system during the operation
phase only and thus, cannot be measured across the full life cycle. In other words,
it can only be measured at the local scale.

To develop the matrix, generic sustainability goals for technical systems were
firstly derived from the S-Cycle model. An initial set of SPI archetypes and
associated metrics and measures relating to each goal was then defined on the
basis of: (i) the behavioural aspects described in the S-Cycle model; and (ii) the
efficiency and effectiveness definitions identified from the literature (outlined
above). To evaluate this initial set, an analysis of 324 indicators identified from the
literature sample presented in Table 6 of Paper B (Appendix 2) was conducted.
The full list of indicators is presented in Appendix 7A (Table A7- 1). As shown in
Table A7- 1, the indicators were associated with a combination of: (i) ad hoc
evaluation approaches; and (ii) formal evaluation methods commonly applied to

189



Chapter 7 Evaluation approach

technical systems (discussed in Chapter 4), namely energy analysis, embodied
energy analysis, emergy accounting, exergy analysis, life cycle assessment, and
material flow analysis. Additionally, a limited number of indicators were found to

be associated with less common formal methods (again shown in Table A7- 1).

Furthermore, the indicators were applied to a broad range of technical systems,

classified into seven categories: buildings and structural systems; energy

conversion systems; fuel production systems; heating and cooling systems;
machining and industrial processing systems; propulsive and transportation
systems; and