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Abstract Sustainability is crucial to create long-term high value in manufacturing
system. Sustainable value creation requires systems thinking in order to maximise
total value captured. There is a need to better understand how companies can
improve sustainable value creation. Few tools or structured approaches to thinking
about sustainable value are available. This chapter seeks to provide understanding
of key concepts for and tools that aid practitioners in sustainable value creation in
manufacturing. The chapter also provides case studies on how the tools have helped
companies improve sustainability.
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1 Introduction

We currently live in a world of constrained resources, growing populations and
exceeding planetary boundaries. There is a need for industry to change the way we
make things and shift towards a more sustainable industrial system. Understanding
of system transformation and value transformation are important concepts for
transitioning towards a more sustainable industrial system. Senge (1990) states that
the un-healthiness of the world today is indirect proportion to our inability to see it
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as a whole. Companies may not be fully aware of the full range of potential value
outcomes. Most existing business models are mostly based on creating, delivering
and capturing economic value, with limited or no attention to environmental and
social value. The changing business environment, wider range of stakeholders
engaging in debate over industry, resource limitations and emphasis on social
responsibilities of firms has raised the need for sustainable value creation.

2 Key Concepts for Sustainable Value Creation

The industrial sustainability literature reviewed suggests system thinking and whole
system design techniques as being one of the critical ways to understand sustainable
value. This section presents main ideas on system thinking, whole system design,
systems innovation and sustainable business models as the key concepts for sus-
tainable value creation.

2.1 Systems Thinking

Seiffert and Loch (2005) suggest that the most important property of systems is that
they are made up of several parts that are not isolated, but closely interlinked,
forming a complex structure. Systemic or systems thinking, facilitates the improved
understanding of these complex systems and enables the identification and utili-
sation of interrelationships and linkages as opposed to things.

Systems thinking is a technique for investigating entire systems, seeking to
understand the relationships, the interactions, and the boundaries between parts of a
system (Senge et al. 2008; Cabrera and Cabrera 2015). Systems thinking is par-
ticularly well suited to modeling highly complex open-systems where an integrated
understanding is required at both the micro and macro-levels in order to predict or
manage change. This contrasts with the dominant analytical approach of the
physical sciences, which is based on reductionism, analysing closed-systems at the
level of their constituent parts and then simplifying to draw out general conclusions.
Systems thinking is a generic term that spans a range of more than 20 tools and
methodologies (Reynolds and Holwell 2010).

Senge (1990) explains that systems thinking is a discipline for seeing wholes. It
is a framework for seeing interrelationships rather than things, for seeing patterns of
change rather than static snapshots. It appears that systems thinking is a way of
approaching problems: rather than applying a strict linear methodology, the tech-
niques are iterative, and designed to stimulate investigation, discussion and debate
by encouraging multiple perspectives. Systems thinking does not aim to provide
quantifiable answers to specific problems, but rather provides a range of options and
better understanding of the implications of those options (Meadows and Wright
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2009; Madrazo and Senge 2011). Manzini and Vezzoli (2003) emphasise the need
for design for sustainability to move from product thinking to system thinking.

Network analysis potentially provides the scope to integrate multiple factors
(economic, social and environmental). Preliminary research on analysing sustain-
ability within industrial networks has demonstrated the use of such tools in
understanding how and why networks adopt sustainability initiatives and the sig-
nificance of ‘focal’ companies within the network (Van Bommel 2011).

It is described by authors (e.g. Senge et al. 2008) that many of the current
challenges in industrial systems stem from the inability to understand and manage
dynamic systems. Systems Thinking takes a birds-eye view and observes the whole
picture by focusing on the relationships between the different entities of a system,
rather than on isolated parts. Systems thinking is described by authors (Hawken
et al. 1999; Rocky Mountain Institute 2006; Senge et al. 2008; Evans et al. 2009;
Charnley et al. 2011; Cabrera and Cabrera 2015) as providing the foundation for a
proactive approach to be able to design sustainable industrial systems (e.g. Systems
Thinking can be a way to understand complex, non-linear, and interconnected
systems of businesses, whether social, managerial, economical or environmental
issues). There is lack of evidence and understanding of what abilities do companies
need to improve their industrial sustainability at systems level. An ability-based
view is not presented.

2.2 Whole System Design

Whole systems design is one approach to sustainable design offering great potential,
however the processes, principles, and methods guiding the whole systems
approach are not clearly defined or understood by practicing designers or design
educators (Charnley et al. 2011).

Evans et al. (2009) describes whilst it is important to address the impact of each
aspect of the industrial system and pursue aggressive reduction in the impact of
specific activities, we must also examine the operation of the whole system.
Efficiently manufacturing products that are inefficient in use, for example, is not
enough. This approach can even result in substantially negative outcomes when
efficiency gains or cost reductions result in increases in consumption (the so-called
Rebound Effect). The greatest opportunity to reduce the impact of the industrial
system on the planet arises when we consider the whole system and the optimi-
sation of any individual component of the industrial system.

Rocky Mountain Institute-RMI (2006) define whole system design as ‘opti-
mising not just parts but the entire system … it takes ingenuity, intuition, and
teamwork. Everything must be considered simultaneously and analysed to reveal
mutually advantageous interactions (synergies) as well as undesirable ones’.
Whole-systems thinkers see wholes instead of parts, interrelationships and patterns,
rather than individual things and static snapshots. They seek solutions that simul-
taneously address multiple problems (Anarow et al. 2003). Lovins (2011) are
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among the small number of authors who suggest that understanding the dynamics
of a system is integral to the whole system approach. The Rocky Mountain Institute
(2004) highlights systems thinking as the method that should be utilised not only to
point the way to solutions to particular resource problems, but also to reveal
interconnections between problems, which often permits one solution to be lever-
aged to create many more. Meadows (2009) lists nine places to intervene in a
system, in increasing order of impact: numbers (subsidies, taxes, standards),
material stocks and flows, regulating negative feedback loops, driving positive
feedback loops, information flows, the rules of the system (incentives, punishment,
constraints), the power of self-organisation, the goals of the system, and the mindset
or paradigm out of which the goals, rules, and feedback structures arise.

It is suggested by the authors that reframing the system with a whole systems
view helps people to understand more fully the way manufacturing affects the world
we live in and how we might begin to change it (i.e. redesign the industrial system).
Understanding who is involved in the current system and how they interact with it
can help identify more opportunities to create sustainable value. The field of whole
systems design and the literature surrounding it remains limited (Coley and Lemon
2009). Evans et al. (2009) describes the evidence from the case studies imple-
menting and shifting towards more sustainable manufacturing and demonstrates
that dramatic improvements can be made at the level of sub-systems, such as
factories or businesses. In parallel, however, it will be necessary to develop the
understanding and capabilities necessary to enable changes in the whole industrial
system. Anarow et al. (2003) state that “sustainability cannot be achieved in the
absence of whole-systems thinking”, an ability that appears to be essential to
improve industrial sustainability performance.

2.3 Systems Innovation

It is argued the innovations required for sustainable development need to move
beyond incremental adjustments. Sustainable development requires the transfor-
mation of larger parts of production and consumption systems (Boons 2009).
Incremental (product- and process-related) innovations in existing production and
consumption systems may lead to further gradual improvements of sustainability
performance, but in the end, incremental innovation frequently does not lead to a
globally optimal system configuration in a multi-dimensional production and
consumption system space (Larson 2000; Frenken et al. 2007; Vezzoli et al. 2008;
Schaltegger and Wagner 2011).

While the term sustainable innovation has been widely used during the last
decade, the number of definitions in the academic literature is limited (Holmes and
Smart 2009; Boons and Lüdeke-Freund 2013). The review by Carrillo-Hermosilla
et al. (2010) lists innovation definitions that focus on ecological sustainability, such
as eco-innovation and environmental innovation. For instance, Carrillo-Hermosilla
et al. (2010) introduced their own definition of eco-innovation: “innovation that
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improves environmental performance”. Charter et al. (2008) describes that given
the challenges posed by sustainable development, sustainable innovation will often
be characterised by systemness and radicalness. Generally, sustainable innovations
go beyond regular product and process innovations and are future-oriented.
Sustainable innovation goes beyond eco-innovation because it includes social
objectives and is more clearly linked to the holistic and long-term process of
sustainable development for the short- and long-term objectives of sustainability.
Holmes and Smart (2009) describe the need for more research in sustainability-led
innovations and partnerships.

Adams et al. (2016) presents a model of (SOI) sustainability-oriented innovation
onto which sustainability oriented innovation practices and processes can be
mapped:

• Operational optimisation (e.g. eco-efficiency—compliance, efficiency, doing the
same things better)

• Organisationtinal transformation (e.g. new market opportunities—novel prod-
ucts, services or business models, doing good by doing new things)

• Systems building (e.g. societal change—novel products, services or business
models that are impossible to achieve alone, doing good by doing new things
with others).

Adams et al. (2016) describe sustainability-oriented innovation as making
intentional changes to an organisation’s philosophy and values, as well as to its
products, processes or practices to serve the specific purpose of creating and
realising social and environmental value in addition to economic returns.

Draper (2015) in the report—‘Creating the big shift: system innovation for sus-
tainability, defines systems innovation as “a set of actions that shift a system—a city,
a sector, an economy—onto a more sustainable path”. It is described in this defini-
tion; being able to identify the set of actions is important, systems change usually
requires multiple interventions across different areas of society, it is very rare that a
single person or innovation can change a whole complex system, such as waste or
energy and tackling problems that are too large for any one organisation, however
powerful, to solve on its own (e.g. shift systems to make them more resilient, more
equitable and able to continue into the future). Draper (2015) states that there is an
“absence of necessary skills in sectors that can take the innovation to scale”.

Sustainable development is argued by some authors to require radical and
systemic innovations. Some authors argue these innovations can be more effectively
created when building on the concept of business models. Sustainable business
models provide the conceptual link between sustainable innovation and economic
performance at higher system levels (Boons and Lüdeke-Freund 2013). Sustainable
innovation is described by some authors to often be characterised by radicalness,
some argue sustainable innovations go beyond regular product and process inno-
vations and are future-oriented (Charter et al. 2008). Sustainable innovation is
described by Charter et al. (2008) “Sustainable innovation is a process where
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sustainability considerations (environmental, social, and financial) are integrated
into company systems from idea generation through to research and development
(R&D) and commercialisation. This applies to products, services and technologies,
as well as to new business and organisational models”.

2.4 Sustainable Business Models

Bocken et al. (2014) states that business model innovations for sustainability are
defined as: innovations that create significant positive and/or significantly reduced
negative impacts for the environment and/or society, through changes in the way
the organisation and its value-network create, deliver value and capture value (i.e.
create economic value) or change their value propositions. It is argued in Bocken
et al. (2014) that to tackle the pressing challenges of a sustainable future, innova-
tions need to introduce change at the core of the business model to tackle unsus-
tainability at its source rather than as an add-on to counter-act negative outcomes of
business. The level of ambition of business model innovations needs to be high and
focused on maximising societal and environmental benefits, rather than economic
gain only. The sustainable business model innovation describing radical changes in
the way companies do business has received considerable attention from both
academia and practitioners (Chesbrough 2010; Zott et al. 2011). Sustainability
management deals with social, environmental and economic issues in an integrated
manner to transform organisations in a way that they contribute to a sustainable
development of the economy and society within the limits of the ecosystem.
Leaders, managers and entrepreneurs are challenged to contribute to sustainable
development on the individual, organisational and societal level. Scholars and
practitioners are recently increasingly exploring if and how modified and com-
pletely new business models can help maintain or even increase economic pros-
perity by either radically reducing negative or creating positive external effects for
the natural environment and society, literature surrounding this area is scarce and
still emerging.

Organisations today are challenged to contribute to sustainable development on
the individual, organisational and societal level. Sustainability management refers
to approaches dealing with social, environmental and economic issues in an inte-
grated manner to transform organisations in a way that they contribute to a sus-
tainable development of the economy and society within the limits of the ecosystem
e.g. (Starik and Kanashiro 2013; Schaltegger et al. 2012; Boons and Lüdeke-Freund
2013). It appears “technological fix”—is insufficient to create the required trans-
formation of organisations, industries and societies towards more sustainability.
Researchers and practitioners are therefore increasingly exploring how completely
new business models can help maintain or even increase economic prosperity by
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either radically reducing negative or creating positive external effects for the natural
environment and society e.g. (Boons and Lüdeke-Freund 2013; Hansen et al. 2009;
Schaltegger et al. 2012; Stubbs and Cocklin 2008). This perspective does not only
cover existing organisations and how their business models are transformed
(e.g. Sommer 2012), but also entirely new business models pioneered by entre-
preneurs. The literature on sustainable business models is still emerging.

The literature presents numerous views on what constitutes a business model
(e.g. Richardson 2008). Teece (2010) provides a concise definition: a business
model is the design or architecture of the value creation, delivery and capture
mechanism of a firm, how the firm delivers value, how it attracts customers, and
how it converts this to profit (Teece 2010). Richardson proposes a summary
organised around the concept of value:

• The value proposition—offering, target customer, differentiation;
• The value creation and delivery system—The value chain required, resources,

assets, processes, position in the value network relative to customers, com-
petitors and collaborators;

• The value capture system—How the firm makes money (financial model) and
competitive strategy.

Evans et al. (2015) describe manufacturers are increasingly experimenting with
new ways of meeting customers’ needs. This includes shifting from providing
products to providing services, in a way that separates the use of a product from its
ownership; or circular economy models where products are designed and manu-
factured for continuous reuse, and value is captured from ‘waste’ wherever
possible.

The sustainable business model literature describes the concept of value
proposition and the creation of creative positive benefits to its stakeholders. There a
growing volume of industrial cases on sustainable business models, but little is
known on how these improvements were conceived, little is available about specific
abilities and competencies (Barth et al. 2007; Segalas et al. 2009; Willard et al.
2010; Teece 2010; Bocken et al. 2014). System transformation and value trans-
formation appear to be importance concepts to the research enquiry.

2.5 New Concepts for Sustainable Value
Creation—Negative Forms of Value

Very few authors have contributed towards understanding the creation of new sys-
tems and generating value across the value network in the sustainable businessmodels
literature by identifying failed value exchanges. Authors such as (Rana et al. 2013;
Yang et al. 2013; Bocken et al. 2014) are the few authors that have contributed
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towards understanding opportunities for value creation. Yang et al. (2014) describe
and definemultiple forms of value (e.g. value absence, value surplus, value destroyed,
value missed). Rana et al. (2013) and Bocken et al. (2014) in their research propose a
framework for business model innovation for sustainability by explicitly considering
value destroyed and value missed within the business model, as these often represent
important opportunities for sustainability innovation. Their research provides a
qualitative framework to facilitate systematic exploration of the different forms of
value for each stakeholder (Fig. 1).

• Value captured—current value proposition
• Value destroyed—negative value outcomes of current model
• Value missed—value currently squandered, lost or inadequately captured by

current model
• Value opportunities—new opportunities for additional value creation and cap-

ture through new activities and relationships.

Based on this, Yang et al. (2016) further propose value uncaptured as a new
perspective for sustainable business model innovation. Value uncaptured is defined

Fig. 1 Value propositions (Rana et al. 2013)
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as the potential value, which could be captured but has not been captured yet. Four
forms of value uncaptured, i.e. value surplus, value absence, value destroyed and
values missed and an approach of analysis of multiple forms of value was proposed
shown in Fig. 2 (Yang et al. 2013).

Value uncaptured exists in almost all companies. Some uncaptured value is
visible, e.g. waste streams in production, co-products, under-utilised resources, and
reusable components of broken products; some is invisible, e.g. over capacity of
labour, insufficient use of expertise and knowledge. Reducing any kind of the
uncaptured value would create sustainable value. Yang et al. (2016) propose a
framework of using value uncaptured for sustainable business model innovation,
and claims that sustainable business model innovation can be more easily achieved
by identifying the value uncaptured in current business models, and then turning
this new understanding of the current business into value opportunities that can lead
to new business models with higher sustainable value.

Fig. 2 Analysis of multiple forms of value (Yang et al. 2013)
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3 Tools for Sustainable Value Creation

This section describes the Cambridge Value Mapping Tool, and the Sustainable
Value Analysis Tool and their strengths and weakness. The tools provide a struc-
tured way of helping companies identify opportunities for business model inno-
vations that result in more sustainable businesses. This could assist companies
maximise value among stakeholders across the system. The tools also provide new
perspectives on sustainable value creation and aid transforming the businesses to
deliver uncaptured and sustainable value.

3.1 Cambridge Value Mapping Tool

The Cambridge Value Mapping Tool has been developed to elicit failed value
exchanges among multiple stakeholders in the network of the firm and uncover new
value opportunities through a structured and visual approach. It is developed to
assist manufacturing companies in identifying opportunities for sustainable value
creation. The tool assists in systematically analysing various forms of value in your
business and your network and stimulate innovation in sustainable value creation.
The tool adopts a multi-stakeholder perspective, through which the exchange of
value can be analysed and potential stakeholder conflicts identified to create pos-
itive value in the network. It provides a new perspective for practitioners to
understand and create new economic, social, and environmental value from their
business. The tool gives practitioners a new way to gain a deeper understanding of
value and create new economic, social, and environmental benefits for their
business (Fig. 3).

The Cambridge Value Mapping Tool was developed at the IfM’s Centre for
Industrial Sustainability by a research team led by Professor Steve Evans.
Originating from the EU FP7 Sustain Value project, the tool since has gone through
multiple conceptual and visual iterations. Acknowledgements for their contribu-
tions go to Dr. Padmakshi Rana, Dr. Samuel Short, Dr. Nancy Bocken, Dr. Dai
Morgan, Dr. Miying Yang, Dr. Lloyd Fernando, Dr. Doroteya Vladimirova, Dr.
Curie Park, Fenna Blomsma and Dr. Maria Holgado. Particular thanks to all
industry collaborators who took part in the development, testing and refinement of
the tool.

The Cambridge Value Mapping Tool takes you in a guided step-by-step process
through the following questions:

• What is the unit of analysis e.g. product, service, company, industry?
• Who are the stakeholders for the unit of analysis?
• What is the purpose of the unit of analysis?
• What is the current value captured?
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• What is the value missed and/or destroyed?
• What is the value surplus and/or absence?
• What are the new value opportunities?

Strengths

• The tool can be used by individuals to identify opportunities to create sus-
tainable value in their own companies.

• The tool gives practitioners a new way to gain a deeper understanding of value
and create new economic, social, and environmental benefits for their business

• Designed to stimulate innovation of the business model for sustainable value
• Helps practitioners to find and create new economic, social, and environmental

value from their business through a systematic analysis of various forms of
value in the business and the firm’s network

• Provides a structured approach to identify sustainable value opportunities

Weakness

• Does not explore the unintended consequences that can arise in other parts of the
system for implementing the identified value opportunity.

Fig. 3 Cambridge Value Mapping Tool (Source http://www.ifm.eng.cam.ac.uk/news/the-
cambridge-value-mapping-tool/#.V8aiy5N961s)
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3.2 Sustainable Value Analysis Tool (SVAT)

Sustainable Value Analysis Tool is built to help manufacturers identify opportu-
nities to create sustainable value by analysing the captured and uncaptured value
throughout the entire life cycle of products (Yang 2015). Identifying the value
uncaptured and creating value from it is not always easy. The rationale of the tool is
to use separate forms (i.e. value surplus, value absence, value destroyed and value
missed) of value to inspire the identification of value uncaptured, and to further
identify value opportunities by analysing the identified value uncaptured. The tool
provides companies with a scheme to systematically look for each form of value
uncaptured at the beginning of life (BoL), middle of life (MoL) and end of life
(EoL) of the product, and with a method to turn the identified value uncaptured into
value opportunities.

Sustainable Value Analysis Tool consists of a poster (see Fig. 4) and a set of
cards (see Fig. 5) for an example. The poster is used for gathering insights across
the different life cycle phases and the cards for guiding and inspiring the process of
using the tool. As shown in Fig. 4, the tool combines the life cycle thinking and
value forms analysis. The three phases of a product life cycle (BOL, MOL and
EOL) could be further divided into more specific stages. For example, MOL can be
further divided into distribution, use, maintenance and service. The value forms

Fig. 4 Poster of Sustainable Value Analysis Tool (Yang 2015)
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consist of value captured, value uncaptured and value opportunities. Value
uncaptured could be considered from the perspectives of value destroyed, value
missed, value surplus and value absence.

Sustainable Value Analysis Tool mainly consists of five steps:

• Step 1. Define the life cycle stages of a product in the company, and map the
stakeholders involved in each stage of product life cycle

• Step 2. Describe what is the value captured for each stakeholder (environmental,
social and economic dimensions) in each stage of the defined product life cycle

• Step 3. Identify what is the value uncaptured for each stakeholder (environ-
mental, social and economic dimensions) in each stage of the defined product
life cycle

• Step 4. Identify value opportunities, e.g. how to turn value uncaptured into value
opportunities

• Step 5. Assess the feasibility and sustainability of each identified value
opportunity

For each step there is a card providing step-by-step guidance including back-
ground knowledge, tasks and tips on the front and some inspirational examples on
the back.

The tool can elicit value uncaptured across products life cycle, and uncover new
value opportunities through a structured and visual approach.

Strengths

• Comprehensive analysis of value
• Generating business opportunities in a strategic way (by turning value uncap-

tured into value opportunities)

Fig. 5 Cards of Sustainable Value Analysis Tool (Yang 2015)
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• Innovation for sustainability
• Embedding stakeholder theory and life cycle thinking
• Business model driven

Weakness

• Does not include strategic planning on how to realise the identified opportunities.

4 Case Studies: Lessons Learnt from Practice
on Sustainable Value Creation

This section elaborates on the cases investigated to explore the current industrial
practice in business models and identify failed value exchanged and find oppor-
tunities to capture value. For confidentiality purpose the names of the firm and the
interviewees have not been revealed.

Introduction

Company A is a fast moving consumer good, Sugar manufacturer. The case studies
of this company provide a generic view of value exchanges between firm and
stakeholder groups.

Company A aims to transform all raw materials into sustainable products. The
plant in Wissington has been operating for over 85 years and now produces over
420 kt of sugar annually for food and drinks manufacturers The company uses a
culture of innovation to reduce process inputs, minimise waste and deliver its
commitment to be an advanced and sustainable manufacturer. The company has
been able to find ways of internalising and being very effective at it. The company
converts raw beet to sugar and the byproducts are used to produce electricity,
tomatoes, animal feed, and other materials. No material arriving into the company is
allowed to disappear as waste (and a cost). Instead all materials are turned into
valuable co-products, including the soil attached to the beet, which becomes clean
soil for gardeners, these actions contribute to a very high level of efficient use of
raw materials. The company has been able to bring more value under its control
and link knowledge to benefit by turning everything into a valuable output.

Data

We are the world’s largest refinery producing 420,000 tonnes of Sugar annually…We been
able to find opportunities in our process to produce co-products from the waste streams of the
primary sugar production processes… (Symbiotic co-product lines)… We have found a
broad range of additional synergistic and profitable product lines… animal feed, electricity,
tomatoes, and bioethanol… More than two hundred and forty miles of piping carries hot
water from the factory’s Combined Heat and Power (CHP) plant around the glasshouse, to
maintain the balmy temperatures, which suit tomato plants. This hot water would otherwise
be destined for cooling towers, so the scheme ensures that the heat is used productively….
carbon dioxide as a by-product from the CHP boiler is pumped into the enormous glasshouse
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to be absorbed by the plants (rather than vented into the atmosphere as waste emissions)…
waste carbon dioxide from the factory is used by tomatoes for photosynthesis… the site also
harvests the rainwater from the giant glasshouse roof; over 115 million litres are collected
annually to irrigate the plants…the horticulture business produces around 140 million
‘eco-friendly’ tomatoes each year…co-product generated by finding opportunities for pro-
ductive, and creative use of the waste streams….The heated atmosphere of 4 times ambient
levels of CO2 enables the tomatoes to grow at twice the usual rate, providing high pro-
ductivity for the glasshouse investment (Interviewee 2B—Head of Engineering).

Analysis—From Concept Towards Implementation
The data suggests the company for example a leader in efficiently and sustainably
manufacturing sugar beet, over the past three decades has been able to systemati-
cally find failed value exchanges in their system. The company described, “We
routinely seek innovative ways to minimise waste and maximise value”. The
company has been able to see ‘carbon emissions’ and ‘low-grade heat’ escaping
from its processes into the atmosphere as a failed value (a by-product from the CHP
boiler). The company described, “this hot water would otherwise be destined for
cooling towers… we identified that our supply of carbon dioxide, heat and water
could be better exploited if we used it again.” The company has been able to
identify the waste streams (i.e. carbon dioxide, heat) that had value that is not being
captured and destroyed in its system (i.e. failed value).

The data suggests that company for example has been able to turn waste streams
(i.e. failed value) and emissions from their core production processes into useful
and positive inputs to new product lines. No material arriving into the company is
allowed to disappear as waste (and a cost). Instead all materials are turned into
valuable co-products. The data suggests that the company has been able to firstly
identify failed values and then bring more value under its control by using and
linking its knowledge to turn waste streams in its current systems into a valuable
output and create positive value. The company has been able to see the combustion
gases from the power station and low-grade heat as failed value lost to the atmo-
sphere. The company described how it has been able to find away to capture the two
waste streams and transform it to create new positive value (i.e. grow tomatoes) and
deliberately bring it into the business model. By seeing failed value and bringing it
into the business model, the company has been able to make productive use of
waste carbon dioxide and heat from the sugar factory, which tomatoes (new
co-product) use during photosynthesis. It is described the carbon dioxide (a
by-product from the CHP boiler) is pumped into the enormous glasshouse to be
absorbed by the plants, rather than vented into the atmosphere as waste emissions. It
is observed the company has firstly been able to see the failed value exchange, and
then figure out what to do with it to form positive value, and come up with a
solution using its knowledge and control.
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5 Conclusion

This chapter provides key concepts for increasing sustainable value creation in
manufacturing, and presents the tools which can help companies using the concepts
in practice. Sustainable value creation requires companies to have systems thinking
when making business decisions. Companies need to consider the value creation for
multi-stakeholders, including customers, suppliers, employees, society and planet.
The concept of failed value exchange is identified to be helpful for companies to
identify opportunities for sustainable value creation. The evidence suggests that by
looking at what value exchanges are failing across the multiple stakeholders,
organisations are found to be able to see a lot of value opportunities. The system
transformation that industry needs requires more cross-business system collabora-
tion. A case study of sugar manufacturer is provided to illustrate how these con-
cepts are implemented in industries.
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Abstract Sustainability assessments considering the three dimensions environ-
ment, economy, and society are needed to evaluate manufacturing processes and
products with regard to their sustainability performance. This chapter focuses on
Life Cycle Sustainability Assessment (LCSA), which considers all three sustain-
ability dimensions by combining the three methods Life Cycle Assessment (LCA),
Life Cycle Costing (LCC), and Social Life Cycle Assessment (SLCA).
Existing LCSA approaches as well as selected ongoing work are introduced, both
regarding the individual approaches as well as the combined LCSA approach. This
includes, for instance, the Tiered Approach. This approach facilitates the imple-
mentation of LCSA, for instance, within the manufacturing sector, by providing a
category hierarchy and guiding practitioners through the various impact and cost
categories proposed for the three methods. Furthermore, ongoing developments in
LCC and SLCA are presented, such as the definition of first economic and social
impact pathways (linking fair wage and level of education to social damage levels)
for addressing the current challenges of missing impact pathways for economic and
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1 Introduction

Sustainability and sustainable manufacturing are relevant topics for governments
and industries worldwide. In that pursuit, various concepts for sustainability exist
and approaches for sustainability assessment have already been introduced.
Nevertheless evaluating the sustainability performance at the product level remains
a challenge. One of the most widespread concepts of sustainability lies in the
triple-bottom-line theory, which considers environmental, economic and social
aspects (Finkbeiner et al. 2010; Remmen et al. 2007; Elkington 1998). Moreover,
with regard to assessing the sustainability performance of products and processes,
life cycle thinking approaches which include the whole life cycle from “cradle to
grave,” are increasingly gaining in importance. By employing such approaches, a
shifting of impact between the different life stages and sustainability dimensions
can be identified and avoided (Finkbeiner et al. 2010).

By combining both the triple-bottom line theory and life cycle thinking
approaches, the Life Cycle Sustainability Assessment (LCSA) framework has been
proposed as a mean of evaluating the sustainability performance of products.
LCSA analyses environmental, economic and social sustainability aspects by
combining the methods Life Cycle Assessment (LCA), Life Cycle Costing (LCC),
and Social Life Cycle Assessment (SLCA). The LCSA framework has been initi-
ated with the development of the “Product Portfolio Analysis” (PROSA; German:
Produktlinienanalyse) (Öko-Institut 1987; Rainer Grießhammer et al. 2007) and
was further developed and formulated by Klöpffer and Finkbeiner (Klöpffer 2008;
Finkbeiner et al. 2010). LCSA has so far been identified and promoted as a feasible
framework for measuring the performance of products in the three sustainability
dimensions (UNEP 2012; Valdivia et al. 2012).

Yet, challenges in LCSA’s applicability, scientific robustness, comprehensive-
ness, interpretation and practical implementation persist (Valdivia et al. 2012;
Lehmann 2013; Neugebauer et al. 2015). These challenges mainly relate to the
different maturity levels of the three methods considered. LCA is widely accepted
and used in practice for assessing a variety of products and services (including e.g.
technologies). Although LCA still contains some challenges (Finkbeiner et al.
2014), its general application and implementation stand unhindered. Yet, to date,
SLCA and LCC have not yet reached a mature level of assessment. Their main
methodological difficulties lie in insufficient guidance on indicator selection,
missing sets of defined impact categories and areas of protection (AoPs, also called
safeguard subjects), as well as missing links between indicators, impacts and AoPs
(Valdivia et al. 2012; Lehmann 2013; Neugebauer et al. 2015, 2016). To overcome
these challenges, new approaches have been proposed. One of them is the Tiered
Approach, which provides a category hierarchy to facilitate the implementation of
LCSA, for instance, in the manufacturing sector. Furthermore, social impact
pathways (e.g. fair wage) have been defined and a new LCC approach (the eco-
nomic LCA framework) has been proposed, addressing some of the methodological
challenges associated with LCSA.
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The following subsections present the three underlying methods of LCSA in
detail, including state-of-the-art, research needs and outlook, elaboration on the
application of LCSA in manufacturing (e.g. by using the Tiered approach), fol-
lowed by an introduction to selected developments for improving on the LCSA
framework.

2 Life Cycle Sustainability Assessment (LCSA)

As aforementioned, the LCSA framework consists of the three methods Life Cycle
Assessment (LCA), Life Cycle Costing (LCC), and Social Life Cycle Assessment
(SLCA), and thus considers positive and negative environmental, social and eco-
nomic impacts. This combination of different life cycle methods is illustrated by the
following Eq. (1) (Klöpffer 2008), which provide helpful guidance in the
decision-making processes towards more sustainable products (UNEP/SETAC Life
Cycle Initiative 2011).

LCSA ¼ LCA þ LCC þ SLCA ð1Þ

In the following sections, the state-of-the-art of the three methods within LCSA
as well as their contribution to sustainable manufacturing are introduced. In addi-
tion further research needs and outlook are described.

2.1 Life Cycle Assessment (LCA)

LCA analyses the potential environmental impacts of products and processes from a
life cycle perspective. The current development of LCA, and the research needs and
outlook are introduced in the following sections.

2.1.1 State-of-the-Art

According to the European Commission (2015), LCA is the best available tool for
evaluating the potential environmental impacts of manufacturing processes or
products from cradle-to-grave. LCA is an ISO-standardised (ISO 2006a, b) method
and structured into four phases: (1) goal and scope definition, (2) life cycle
inventory analysis, (3) life cycle impact assessment, and (4) interpretation.
Based on the standardised phases, environmental impact can be assessed in an
iterative process.

The relation between inventory results, midpoint and endpoint impact categories
and AoPs is determined through impact pathways, as displayed in Fig. 1. Inventory
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indicators (e.g. greenhouse gas emissions) are classified into impact categories and
characterised1 at the midpoint level (e.g. climate change). The category indicator
results achieved at the midpoint level can then be aggregated into impact categories
at the endpoint level (e.g. damage to ecosystem’s diversity). Those endpoint
damage levels are then linked to AoPs (e.g. ecosystem quality).

After decades of method, database and software development, various case
studies as well as international standardisation processes have emerged, so that one
can now safely say that LCA has reached a mature stage and is robust enough to be
applied in decision-making in both private organisations and governments
(Finkbeiner et al. 2014).

2.1.2 Research Needs and Outlook

Although LCA has reached a mature level in implementation and has been inter-
nationally standardised, LCA still faces some challenges. Finkbeiner et al. (2014)
identified 34 challenges with regard to inventory (e.g. dealing with allocation and
delayed emissions), impact assessment (e.g. analysing impacts such as land use and
odour), generic aspects (e.g. handling weighting and data quality analysis) and
evolving aspects (e.g. considering littering, animal well-being or positive impacts),
which have not been comprehensively addressed in the current literature and
practice. Moreover, collecting relevant and robust data stands as an overall obstacle
in carrying out LCA. Although several databases covering numerous different
products and processes exist, specific applications (e.g. production of electronics)
have so far been insufficiently contemplated. Work is currently ongoing to address
some of the challenges, such as improving impact assessment methods (e.g. Bach
and Finkbeiner 2016). Until challenges are resolved, practitioners should carefully

Inventory 
indicator

Classifi-
cation

Characteri-
sation

Aggregation

Midpoint impact 
category

Endpoint impact 
category

Area of 
protection

Greenhouse 
gas 

emissions

Climate 
change

Damage to 
ecosystem‘s 

diversity

Ecosystem 
quality

Fig. 1 Relation of inventory indicators, indicators on midpoint and endpoint impact category
levels, and AoPs (exemplary illustration for greenhouse gas emissions)

1The individual contribution of the emissions to the impact is calculated by multiplying the amount
of each emission with a characterisation factor (for example, CH4 has a 28 times higher contri-
bution to global warming than CO2).
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check if the challenges identified limit the conclusions of LCA case studies
(Finkbeiner et al. 2014).

2.2 Life Cycle Costing (LCC)

LCC evaluates different costs along the life cycle of a product or process in order to
reflect the economic sustainability monetarily. Meanwhile, the current develop-
ments of LCC, the research needs in the context of LCSA, along with the overall
outlook, are all introduced in the following sections.

2.2.1 State-of-the-Art

LCC appeared in the mid-1960s. Originally, it was used to rank different investment
alternatives, but for a long time failed to consider operating costs occurring during
the product’s lifetime (Glucha and Baumann 2004). A first international standard
was published in 2008 with ISO 15686-5 focusing on buildings and construction
assets. Therein, LCC is defined as a tool that enables comparative cost assessments
(in terms of initial costs and future operational costs) over a specified period of time
(ISO 2008).

A similar approach was adopted by Hunkeler et al. (2008), who include pro-
ducers, suppliers, consumers and end of life actors in the assessment for reflecting
costs associated with a product’s life cycle. They furthermore differentiate LCC into
three types—conventional LCC, environmental LCC, and societal LCC.
Conventional LCC focuses on internal costs directly associated with a product’s life
cycle. Environmental LCC goes beyond that scope and includes external costs
likely to be internalised in the decision-relevant future, such as environmental taxes
and subsidies (Hunkeler et al. 2008). Societal LCC even includes costs emerging
from the side-effects of production which manifest in people’s lives and society,
whether today or in the long-term. Within the realm of LCSA, it is normally
referred to as environmental LCC in the interest of avoiding overlap with the other
two dimensions.

2.2.2 Research Needs and Outlook

Several challenges however hinder LCC’s methodology development and thus
implementation within the LCSA framework. They are, for example, oversimpli-
fying the economic dimension down to a matter of costs, ignoring causalities, or
unreliable data in connection with conceptual confusions (Neugebauer et al. 2016).
To date, LCC in the context of LSCA is still not commonly implemented in
industry, due to methodological confusion with other similar concepts, such as
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“total cost accounting” (Glucha and Baumann 2004). Furthermore, the limitation
attached to costs has often been criticised especially in the context of LCSA. In
contrast to LCA, LCC does not contain impact pathways following a
cause-effect-chain. Consequently, several authors discuss whether LCC can suffi-
ciently measure and represent economic sustainability within the LCSA framework
(Jørgensen et al. 2010; Heijungs et al. 2013). The debate is associated with the
question of whether or not LCC should stay at the cost level, or if the classical LCC
framework should be extended to implement a broader economic perspective, e.g.
by connecting costs on the microeconomic level to impact on the macroeconomic
level. To mitigate this situation, May and Brennan (2006) suggested including
value added (VA) as an economic indicator and relating it to wealth generation.
Wood and Hertwich (2012) went even further by linking VA to gross domestic
product through input-output modelling.

Furthermore, to bridge the gap in pursuit of aligning the economic dimension
involved in LCSA with LCA, Neugebauer et al. (2016) proposed the concept of
economic LCA (EcLCA), and defined midpoint and endpoint impact categories as
well as AoPs for the economic dimension. This approach is further described in
Sect. 4.1.2. Further research should focus on the definition of impact pathways as
well as provision of concrete quantified measures for impact pathways.

2.3 Social Life Cycle Assessment (SLCA)

SLCA aims at analysing the social and socioeconomic impact of products and
processes. In the following sections, the state-of-the-art, research needs and outlook
for developing SLCA are presented.

2.3.1 State-of-the-Art

SLCA investigates the positive and negative social and socio-economic impact of
products or processes along their life cycle. According to the ‘Guidelines for SLCA
of products’ (UNEP/SETAC 2009), the impacts may affect the concerned stake-
holder groups: workers, consumers, local communities, value chain actors and the
society, and may be linked to the company’s behaviour. Complying with the
guidelines, the ‘Methodological Sheets for Subcategories in SLCA’ was published
and provided practical guidance on the subcategories and potential indicators for
conducting SLCA case studies (Benoît et al. 2013).

2.3.2 Research Needs and Outlook

Several deficiencies persist with the SLCA methodology and therefore impede its
implementation in practice, e.g. in industry. Although the methodological sheets
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provided indicator sets related to relevant stakeholder groups, no widely agreed
approach for selecting indicators, relevant social issues, and involved stakeholders
exists (Lehmann et al. 2013; Martínez-Blanco et al. 2014; Andreas Jørgensen et al.
2009). In addition, since social impacts are usually associated with organisations’
behaviour (Dreyer et al. 2006; Andreas Jørgensen et al. 2009), allocating social
impact to a specific product is not straightforward and thus often hinders the
implementation and meaningfulness of SLCA (Andreas Jørgensen 2013; Lehmann
et al. 2013). Another big challenge lies in linking social indicators to impact cat-
egories and AoPs via social impact pathways (Lehmann et al. 2013; Neugebauer
et al. 2014). Without such impact pathways, i.e. proper impact pathways and AoPs,
a complete picture of potential social impacts cannot be fully anticipated. One of the
first approaches for an impact pathway was developed by Jørgensen et al. (2010a,
b), who developed impact pathways for child labour and also highlighted the dif-
ficulties in measuring the potential girth of the impact.

A more recent approach for impact pathways was provided by Neugebauer et al.
(2014), proposing impact pathways for fair wage and the level of education. This
approach is presented in more detail in Sect. 4.1.1. Further research is geared to
focus on the development of databases and more impact pathways addressing social
aspects beyond child labour, wage and education as well as regarding the con-
cretisation of the impact pathways by providing e.g. concrete quantified impact
pathways.

3 Application of LCSA in Manufacturing: Tiered
Approach

So far, environmental indicators resulting from LCA or simplified LCA (e.g. carbon
footprint) are widely employed in manufacturing sectors in order to evaluate the
environmental performance of products or processes. Yet, economic and social
indicators are currently just randomly considered in product or process assessments
due to the methodological challenges associated with LCC and SLCA.
Consequently, valid indicator sets for a holistic LCSA are currently lacking and
thus hinder the implementation of LCSA in manufacturing sectors. A first attempt
to foster application of LCSA is the Tiered Approach, which provides a
step-by-step procedure going from a simplified LCSA to a comprehensive one
(Neugebauer et al. 2015).

3.1 Framework of the Tiered Approach

The Tiered Approach is a “step-by-step” guidance for applying and implementing
LCSA in practice (see Fig. 2). It provides an impact and cost categories hierarchy,
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which supports LCSA practitioners in selecting suitable indicators, and indicates
potential directions of future development in LCSA. The categories proposed have
been chosen from selected sources, e.g. the ILCD Handbook of LCA (JRC 2011),
the Guidelines for SLCA of products (UNEP/SETAC 2009), and the Code of
Practice for LCC (Swarr et al. 2011) based on three criteria (relevance, robustness
of the methods, and practicality). For LCA, impact categories at midpoint level are
selected since the midpoint results have more consensus characterisation methods
and lower statistical uncertainty than the endpoint results (Bare et al. 2000).

Three tiers are recommended in the Tiered Approach: Tier 1, namely
Sustainability Footprint, represents a “low entry-level” LCSA, where only few
categories are considered (e.g. climate change, production costs and fair wages).
Hence, Tier 1 provides a basis for aligning the different maturity levels of LCA,
SLCA and LCC and allows for a screening assessment of all three dimensions of
sustainability. Meanwhile, it lowers the entry barrier to implementing basics of
LCSA in industry and communicating with non-expert practitioners.

Tier 2 represents a “best practice” of LCSA considering additional categories
(e.g. the common used ones currently considered in the ILCD Handbook (JRC
2010b) of LCA and categories for SLCA and LCC, which have been ranked as
important. Hence, additional impact categories for LCA, for example ozone
depletion, eutrophication, photochemical oxidant formation, acidification, have
been chosen. For LCC, consumer costs (e.g. purchase price, maintenance costs and
energy costs) are included. For SLCA, health (including workers, consumers and
local communities) and working conditions are taken into account. Thus, Tier 2
provides a broader range of environmental and economic aspects, and includes
social topics beyond the stakeholder group workers.

The most advanced step, Tier 3, represents a comprehensive level of LCSA
considering a broad set of categories (e.g. for potential new LCA impact categories
like water footprint methods and land use). For LCC, production and consumer

Tier 1
Sustainability footprint

Tier 2
Best practice

Tier 3
Comprehensive 
assessment

•  Comprehensive category coverage
•  Reflection of new topics

•  State-of-the-art impact and cost 
   categories
•  Consideration of full supply chain

•  Global relevant impact and cost 
   categories
•  Low-entry level and high practicality

Fig. 2 Structure of the Tiered Approach—3 tiers reflecting different levels of comprehensiveness
of LCSA (Neugebauer et al. 2015)
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costs related to further operation, accidents, and environmental damage (if not
considered within LCA and SLCA) are considered. For SLCA, the topics educa-
tion, human rights, and cultural heritage are addressed.

The Tiered Approach supports a holistic sustainability assessment, as all three
dimensions of sustainability are considered. In addition, it ensures practicality
through its impact and cost categories hierarchy, reflecting different levels of
comprehensiveness and different phases of LCSA’s development.

3.2 Implementation in Manufacturing

The practicality of the Tiered Approach has been proven by first case studies on
manufacturing technologies and products, e.g. modular machine tool frames and
wireless micro systems (Peukert et al. 2015; Benecke et al. 2015), turning tech-
nologies as well as bicycles and pedal electric cycles (Neugebauer et al. 2013;
Buchert et al. 2015). The case studies mainly focused on the Tier 1, i.e. the cate-
gories climate change, production costs and fair wages. They revealed environ-
mental hotspots, described first selected social topics (e.g. wages) and first
economic issues (e.g. production costs), and identified improvement potential for
these technologies and products.

Meanwhile, by carrying out these case studies, knowledge and experience with
regard to practical implementation were gained from the identification of hotspots
and the interpretation of life cycle impacts of the three sustainability dimensions.
Specific social aspects for example, fair wages and health, were mapped and thus
compared for different countries involved in the production of smart modular
machine tool frames, e.g. Germany, Brazil, and China (Peukert et al. 2015). Based
on the results, recommendations could be given for advantageous material usage,
supplier management and further technology improvements.

Moreover, trade-offs between the three sustainability dimensions were identified,
e.g. a technology which performs better from an environmental perspective, could
however lead to higher social risks. For instance, the switch from wet machined
turning processes to inner-cooled ones showed potential environmental benefits
(e.g. recycling of titanium chips), but at the same time increased the social risk due
to the African workers involved in the inlay production being potentially paid
below the poverty line.

3.3 Research Needs and Outlook

The Tiered Approach is a first step with regard to fostering LCSA in practice.
However, challenges remain as comprehensive category sets as well as well-defined
impact pathways for all three tiers are missing in the case of both SLCA and LCC.
Moreover, at the interpretation phase, challenges occur due to the potential trade-off
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of the results between and within the three sustainability dimensions (Zamagni et al.
2013; Arcese et al. 2013). In the case studies described above, those trade-offs were
displayed transparently for each dimension in the Tiered Approach without giving
weights.

The next steps will focus on updating the selected categories and the hierarchy of
the Tiered Approach, and on developing impact pathways for social and economic
aspects suitable for LCSA with regard to production technologies.

4 Selected Ongoing LCSA Work

Currently, many studies have been carried out in pursuit of enhancing implemen-
tation, scientific robustness, and comprehensiveness of the three methods with
LCSA. In this section, some ongoing work has been selected to show the recent
research progress and direction of LCSA development particularly with regard to
SLCA and LCC.

4.1 Proposals of Impact Pathways for SLCA and LCC

As described in the previous sections, SLCA and LCC face numerous challenges,
particularly with regard to the impact assessment stage, which hinder the imple-
mentation and methodological robustness of LCSA. This includes missing concrete
impact category definitions of SLCA and LCC, missing detailed impact pathways,
as well as insufficient description of the relationship between impact categories and
AoPs (Bocoum et al. 2015; Chhipi-Shrestha et al. 2015; Andreas Jørgensen et al.
2008; Neugebauer et al. 2014). First steps to address these gaps were done by
establishing first impact pathways for the social dimension, describing the relation
between indicators and impact categories with a focus on fair wage and level of
education (Neugebauer et al. 2014), and by proposing AoPs for the social and the
economic dimension, such as social justice and economic stability (Neugebauer
et al. 2016; Neugebauer et al. 2014). The development of the impact pathways is
introduced in the following section.

4.1.1 Proposal of Social Impact Pathways: Fair Wage and Level
of Education

In order to enhance SLCA and thus LCSA, impact categories need to be clearly
defined. Furthermore, impact pathways linking indicators to impact categories and
AoPs need to be developed.

To that end, Neugebauer et al. (2014) defined two impact categories at a midpoint
level and developed social impact pathways for them. The two topics are recognised
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as essential aspects for Sustainable Development Goals (United Nations 2016) for
mitigating poverty and enabling the achievement of higher prosperity levels. In
manufacturing, fair wage is treated as an essential aspect of worker’s overall living
situation and well-being. Education reflects country-specific equality aspects, and
measures worker’s qualifications for specific sectors and countries. With the
development of the two midpoint categories, three related endpoint categories (en-
vironmental stability, damage to human health, and economic welfare) and two
AoPs (social well-being and social justice) were proposed to complete the impact
pathways. Interrelations along the defined pathways have been introduced, e.g. the
inventory indicator lowest/highest gross income affects the AoPs social justice and
social well-being through the midpoint impact category fair wage and the endpoint
impact categories economic welfare and damage to human health. Similar to the
impact pathway for fair wage, the relation of the inventory indicators, such as access
barriers to schools, to the midpoint impact level of education, was investigated.

The proposal of potential impact pathways of fair wage and level of education,
serves to facilitate a more consistent and transparent assessment of social impact.
However, the characterisation factors stay at a qualitative level. The next step for
refining the impact pathways focuses on the identification of quantitative charac-
terisation factors instead of purely on qualitative descriptions. Further aspects like
the interpretation of social impacts have been investigated in tandem.

4.1.2 Introduction of the New Economic Life Cycle Assessment
Framework

As pointed out in Sect. 2.2, LCC so far includes pure cost assessment without
considering clearly defined AoPs, impact categories and corresponding causalities
described in impact pathways. For this reason, some authors discuss whether LCC
can actually adequately measure the economic sustainability dimension within the
LCSA framework (Jørgensen et al. 2010; Heijungs et al. 2013).

Taking into account this discussion, Neugebauer et al. (2016) proposed the new
Economic LCA (EcLCA) framework, which broadens the scope of the current LCC
by including the impact assessment stage. As a result, two AoPs (economic stability
and wealth generation), two endpoint impact categories (economic prosperity and
economic resilience), and five midpoint impact categories (profitability, produc-
tivity, consumer satisfaction, business diversity, and long-term investment) are
suggested and defined. The proposed midpoint impact categories can be directly
linked to manufacturing. For example, profitability considers costs regarding actual
economic benefits for the firms via added values instead of purely summing up
costs. Furthermore, productivity is associated with human capital aspects through
the whole value chains, and consumer satisfaction influences the markets and
product management expenses, etc.

The suggested EcLCA framework better meets the requirements of ISO 14040
(ISO 2006a) and 14044 (ISO 2006b) adopted within the LCSA framework and
describes economic aspects targeting sustainability. The next steps would be to
establish measurable linkages (i.e. quantitative relation) between inventory and
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impact levels as well as AoPs. Moreover, trials for testing application of the new
framework will constitute part of future work.

4.2 Sustainability Safeguard Star

LCSA considers the three dimensions of sustainability by combining the methods
LCA, LCC and SLCA. However, there is a risk that social, environmental and
economic aspects are only interpreted individually, without considering potential
interlinkages between the sustainability dimensions. For instance, climate change
impacts influence AoPs in both SLCA and LCA, i.e. social well-being (e.g. by
affecting human health) and ecosystem quality. To address this challenge, the
Sustainability Safeguard Star was designed to structure existing AoPs used in LCA
into a new scheme by addressing the inter-linkages in between the three sustainability
dimensions and by including additional topics of sustainability, such as social justice
(Schmidtz 2006; Neugebauer et al. 2014) and economic stability (Neugebauer et al.
2016). The proposed framework is introduced in the following section.

4.2.1 Conceptual Framework of Sustainability Safeguard Star

The Sustainability Safeguard Star goes beyond the three broadly accepted AoPs from
the classical (environmental) LCA human health, resource availability, and ecosys-
tem quality (JRC 2010a), with the goal of defining common AoPs for the LCSA
framework. This means that the Sustainability Safeguard Star additionally considers
three complementary AoPs (i.e. safeguard subjects), which then reflect the social and
economic dimension of sustainability: man-made environment, social justice, and
economic stability. The six AoPs proposed for LCSA are displayed in Fig. 3.

The AoP man-made environment, which was already proposed by de Haes et al.
(1999), stands for cultural value and addresses technical infrastructure, such as
energy and communication networks, and the drinking water supply, indicating the
living contexts of society. The AoP is, for example, concerned with the damage
resulting from acidifying substances to buildings. The other AoP, social justice,
takes equal opportunities and justice as core principles, like security of freedom
based on a social contract (individual vs. societal). It is of high relevance to address
social justice (Nussbaum 2004) issues in order to eliminate inequality, foster human
rights and intergenerational equity defined as fundamental to sustainable develop-
ment pursuits as defined by the Brundtland report (United Nations 1987). Last but
not least, another AoP, economic stability, aims at avoiding economic crisis and
promoting economic growth and employment (European Commission 2014). It is
also connected to industrial diversity and multilateral trade concerns for addressing
economic vulnerability (Neugebauer et al. 2016). The AoPs defined combine dif-
ferent aspects to consider interlinkages between the sustainability dimensions. The
AoP economic stability, for example, addresses unemployment and economic
prosperity, which are associated with both social and economic perspectives.
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Moreover, Fig. 3 shows the general conceptual framework for the potential links
between micro- and macroeconomic level. The proposed AoPs reflect sustainability
goals at a macroeconomic level (e.g. from sustainable development goals or
strategies defined by United Nations (2016) and European Commission (2010)).
These goals, for example, reducing inequality, can be assessed by defined criteria
(e.g. equal access to all levels of education). With the inclusion of the proposed
AoPs and their impact pathways addressing the defined criteria, LCSA can deliver
the results at the microeconomic level.

4.2.2 Research Needs and Outlook

The Sustainability Safeguard Star abolishes the presumed separation of AoPs
defined in three underlying life cycle methods of LCSA and in their place, suggests

Safeguard

Ecosystem 
quality

Social 
justice

Economic 
stability

Human 
health

Man-made 
environment

Resource
availability Star

Sustainability goals

Assessment criteria

LCSA

Fig. 3 Sustainability Safeguard Star: conceptual framework and relation to LCSA
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six common AoPs which address the inter-linkages in between the three sustain-
ability dimensions.

Further research should focus on establishing impact pathways between defined
impact categories and the proposed AoPs (see also Sects. 4.1.1 and 4.1.2) and
tested in case studies. With regard to sustainable manufacturing, the newly defined
AoPs of economic stability and man-made environment, can be of relevance for the
purpose of reflecting the business situation of firms with the background of different
production locations.

5 Conclusion

The Life Cycle Sustainability Assessment (LCSA) framework is applied to assess
the sustainability performances of manufacturing products and processes.
Application of LCSA can lead to the identification of product and process hotspots,
and support decision-making in production development. In favour of implemen-
tation of LCSA in practice, the Tiered Approach was proposed to provide an impact
and cost category hierarchy, particularly for offering guidance to practitioners in
industry. This approach has already been applied in first case studies on manu-
facturing technologies and products, e.g. turning technologies and pedal electric
cycles, and has proven its validity. Ongoing work such as the development of
impact pathways for SLCA, the suggested Economic LCA, and the Sustainability
Safeguard Star, serve to enhance the robustness and applicability of the LCSA. To
continue enhancing currently proposed methods, future work need to focus on
developing the impact pathways of economic and social aspects in the context of
LCSA, and further providing quantitative measures of the pathways.
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Optimisation Methods in Sustainable
Manufacturing

Sebastian Schenker, Ingmar Vierhaus, Ralf Borndörfer,
Armin Fügenschuh and Martin Skutella

1 Introduction

Sustainable manufacturing is driven by the insight that the focus on the economic
dimension in current businesses and lifestyles has to be broadened to cover all three
pillars of sustainability: economic development, social development, and environ-
mental protection. In this chapter, we present two state-of-the-art approaches of
mathematical optimisation and how they can be used to solve problems in sus-
tainable manufacturing.

The multi-criteria perspective considers areas of sustainability as independent
functions that are to be optimised however with divergent objectives simultane-
ously. Accordingly, computed outcomes that cannot be improved upon (on at least
one objective without getting worse at another) are considered to be superior to
outcomes that can be improved upon. A decision maker will only be interested in
the first set of outcomes in order to be able to form an educated opinion with respect
to his/her sustainability goal.

The system dynamics perspective on the other hand focuses on the
time-dependent (or dynamic) aspects of systems that are influenced by sustainable
manufacturing practices. If, for instance, a production technology was identified
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that cannot be improved in either of the sustainability dimensions, the question then
arises as to how this technology can be used in an optimal way using only limited
resources. How can the impact on society and economy be steered in the direction
of allowing the technology to be as beneficial as possible?

2 Multi-criteria Optimisation

Mathematical optimisation and mathematical programming is concerned with
finding good solutions from a set of available alternatives. The abstract nature of
mathematical optimisation allows the user to model a wide range of different
problems and different objectives using the same theoretical insights and practical
tools. Problems in sustainability and sustainable manufacturing have in common
that there is not only one objective to be considered but several conflicting ones.
This is mathematically reflected by considering several objective functions simul-
taneously. The set of available alternatives and the structure of the considered
objective functions can generally be modelled in different ways. The focus in the
following section is put on the well-studied and fruitful field of linear optimisation
involving linear objective functions and linear constraints allowing the user to
model as well as to efficiently solve a wide range of quantitative problems.

2.1 Multi-criteria Problem Formulation

In a general multi-criteria linear optimisation problem, one is given a set of k cost
vectors c1; . . .; ck 2 R

n and seeks to minimize all linear cost functions
ci � x ¼

Pn
j¼1 cijxj, for i ¼ 1; . . .; k; simultaneously over all n-dimensional vectors

x ¼ ðx1; . . .; xnÞ subject to a set of linear inequality and integer constraints. In
particular, let M be some finite index set and suppose that for every i 2 M, we are
given an n-dimensional vector ai and a scalar bi. Let N1, N2 and N3 be subsets of
f1; . . .; ng that indicate which variables xj are constrained to be non-negative,
binary or integer, respectively. We then consider the problem

minðc1 � x; . . .; ck � xÞ
s:t: ai � x� bi; i 2 M;

xj � 0; j 2 N1;

xj 2 f0; 1g; j 2 N2;

xj 2 Z; j 2 N3:

ð1Þ
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The variables x1; . . .; xn are called decision variables and a vector x satisfying all
of the constraints is called a feasible solution. The set of all feasible solutions is
called feasible set and will be denoted by X . The image y ¼ ðc1 � x; . . .; ck � xÞ of a
feasible solution x is called a feasible point and the set of all feasible points is called
objective set and will be denoted by Y. If N1 coincides with f1; . . .; ng (implying
N2 ¼ N3 ¼ ;), then (1) is considered a linear programming problem. If N2 ¼
f1; . . .; ng or N3 ¼ f1; . . .; ng, then we refer to (1) as a binary or integer pro-
gramming problem, respectively. In case of ;(N1(f1; . . .; ng, (1) is considered a
mixed-integer programming problem. The earliest investigations of multicriteria
mathematical optimisation go back to the 1950s when the simplex method coined
by Dantzig opened up a wide range of applications and prepared the ground for the
huge success of linear programming (Dantzig 1963). If k ¼ 1, then we refer to (1)
as a single-objective problem and the notion of optimality is unambiguous. For a
multi-criteria optimisation problem (with number of objectives k� 2) we cannot
expect to find a solution that optimizes all objectives simultaneously leading to
several possible notions of optimality in the multi-criteria case (Ehrgott 2005).
A widely accepted (and in the following considered) one is the notion of efficiency.
A solution x� 2 X is considered efficient if there is no other solution x 2 X that
achieves objective values at least as good with a strictly better value in at least one
objective, i.e., there is no x 2 X with ci � x� ci � x� for i ¼ 1; . . .; n and ci � x\ci � x�
for at least one i 2 f1; . . .; ng. The image of an efficient solution is called non-
dominated. The challenge for a multi-criteria optimisation problem is then to
compute all different non-dominated points (Figs. 1 and 2).

x1

x2

X
c1

c2 c1 · x

c2 · x
Fig. 1 Feasible space of a
bi-criteria integer
maximization problem and
corresponding set in objective
space with non-dominated
points (red)

X
x1

x2

x3

c1

c2

c1 · x

c2 · x

Y

Fig. 2 Feasible space of a
bi-criteria linear maximization
problem and corresponding
set in objective space with
non-dominated points (red)
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2.2 Manufacturing and Scheduling

Production problems, scheduling problems and similar decision problems are a
fruitful domain for (mixed) integer programming. Binary variables might represent
on-off decisions and linear or integer variables, respectively, might represent pro-
duction quantities. In the following we will shortly present how multi-criteria
integer programming could be used to model a scheduling problem that accounts
for production costs, electricity consumption and worker satisfaction. Lets ½M� ¼
f1; . . .;Mg be a finite set representing a set of different machines and let ½J� ¼
f1; . . .; Jg be a finite set representing a set of jobs. We will consider a time horizon
for the entire production process and let s and e be the start and end time of it.
Introduce variables xjmt 2 f0; 1g where j 2 ½J�, m 2 ½M� and t 2 fs; . . .; eg. We set
xjmt ¼ 1 if and only if starting time of job j on machine m is set to t. In order to
model the constraint that every job needs to run on every machine before end time
e, let durðmÞ the duration on machine m, i.e., the time that a job spends on machine
m. Then,

Xe�durðmÞ

t¼s

xjmt ¼ 1 8j 2 ½J� ^ 8m 2 ½M� ð2Þ

models the above fulfilment constraint. Furthermore, the constraint that job j is only
allowed to run on machine mþ 1 if it is finished on machine m can be modelled via

Xe

t¼s

t � xjmt þ durðmÞ�
Xe

t¼s

t � xjmþ 1t8j 2 J ^ 8m 2 ½M � 1� ð3Þ

Furthermore, it is very reasonable to assume that a new job can only be started
on machine m if the previous job on machine m was finished. This constraint could
be modelled via

Xe

t¼s

t � xjmt þ durðmÞ�
Xe

t¼s

t � xjþ 1mt8j 2 ½J � 1� ^ 8m 2 ½M� ð4Þ

2.3 Solving Multi-criteria Optimisation Problems

For the single-objective case there are several commercial solvers and software
packages (CPLEX 2016; Xpress 2016; Gurobi 2016) and non-commercial ones
(Achterberg 2009). One could have expected that the exponential growth in com-
puting power and the even larger algorithmic speed-ups in mixed integer pro-
gramming during the last decade (Bixby 2002) would automatically lead to
multi-criteria extensions. But the situation is contrary: none of the available
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commercial solvers supports multi-criteria problems and there are only a few,
recently developed non-commercial solvers available: BENSOLVE (Löhne and
Weiing 2014) and inner (Csirmaz 2016) handle multi-criteria linear programming
problems, SYMPHONY (Ladanyi et al. 2016) supports bi-criteria mixed integer
problems and PolySCIP (Schenker et al. 2016) supports multi-criteria linear and
integer problems.

PolySCIP reads problems of the above form (1) via its MOP file format which is
based on the widely used MPS file format (MPS-Format 2016) and allows the user
to model constraints like (2), (3), (4) easily via an algebraic modelling language
(Koch 2004). It can handle an arbitrary number of objectives and thousands of
variables and constraints (Fig. 3).

3 System Dynamics Optimisation

In this book, many technologies and approaches developed in the context of sus-
tainable manufacturing are discussed. In this section, we will consider the global
environment in which these technologies must be disseminated and implemented,
in order to realise their positive potential.

The economy, the environment, and the society constitute complex entities and
can be seen as finely balanced networks of mutual dependencies. Almost all
components influence each other that have either supporting or weakening effects.
Such dynamical systems can demonstrate counterintuitive behaviour. However, in
order to bring about a change from the conventional production paradigm in the
direction of a paradigm of sustainability, it is essential to appreciate the complex
interdependencies of the systems involved.

We observe that the transition, i.e., the setup of many value creation modules
and networks, constitutes a dynamic process over time that will span several years
or decades. During this period, an array of interactions between the stakeholders
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Fig. 3 Front of
non-dominated points for a
bi-criteria bicycle
manufacturing problem
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need to be taken into account. Moreover, the transition does not take place by itself.
It will only happen by means of deliberate influence on the system. A bundle of
individual measures are necessary in this process.

To this end, the system dynamics (SD) approach provides the appropriate
framework. It is an approach for the modelling and simulation of dynamical sys-
tems with a long history rooted in the understanding and teaching of dynamical
systems in general, as well as in the field of sustainability.

After introducing system dynamics as a tool for simulation, we will formulate
optimal control problems based on system dynamics models.

3.1 System Dynamics

In this section, we will introduce system dynamics as a modelling methodology as
well as the most important modelling rules and characteristics of system dynamics
models.

System dynamics was introduced by Jay Forrester in the 1950s as a method of
describing and simulating time-dependent effects of complex influence networks
with feedback loops (Forrester 1961). Such networks are characterized by
non-linear, often surprising behaviour. In fact, a forecast of their future develop-
ment, and thus their control, represents a difficult mathematical problem.

One of the strengths of the system dynamics approach lies in its visual repre-
sentation of complex systems. This visual approach is essential in the system
dynamics modelling process, and simplifies access for beginners and users who
lack experience with systems of differential equations.

The main objects of system dynamics models are stocks and flows. The stocks
contain the state information of the system. By convention, each stock has two
flows, one flowing into the stock, and one flowing out of the stock. Figures 4 and 5
show visual representations of a stock and a flow respectively. As a third com-
ponent, auxiliary variables are often introduced to structure a diagram. Lastly, the
existence of functional dependencies between stocks, flows and variables is indi-
cated by arrows. Figure 6 shows an example.

Using this visual representation, a systematic modelling process could be
structured as follows:

• Definition of the modelling goal,
• Definition of the system limits,
• Definition of the system components,
• Definition of the direct relations between system components and the type of

causal links (positive or negative),
• Design of an influence diagram to summarize components and their relations,

Fig. 4 Visual representation
of a stock
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• Creation of a system dynamics diagram with stocks for each of the system
components as well as flows for each stock,

• Assignment of units and valid ranges to the values of stocks and flows,
• Definition of the functional relations between stocks and flows,
• Introduction of variables to simplify the relations if possible,
• Completion of the system dynamics diagram by adding variables and arrows for

relations,

The result of this process is a complete system dynamics model. In the next
section, we will discuss numerical methods for simulating a system dynamics
model as it develops over time.

Although it is possible to find general solutions analytically for some models,
this is generally neither possible nor required. A range of numerical simulation
techniques exist that provide quickly accurate simulations. One class of such
simulation techniques are the Runge-Kutta schemes (Runge 1895; Kutta 1901)
which we will use in this chapter.

3.2 Optimal Control of System Dynamics Models

As we discussed in the previous sections, in its basic form, SD aims at describing
and simulating influence networks. This is an important step in pursuit of under-
standing the mutual dependencies. In addition to obtaining a mere understanding
however, what we would like to do is to intervene in the network, bring it to a
desired stable state, or get as close as possible to that state.

In system dynamics, the points of the system which can be influenced by a
conscious decision of an actor are modeled using the concept of policies.

Fig. 5 Visual representation
of a flow. The origin of the
flow is outside of the limits of
the system, as indicated by the
cloud symbol. The arrow is
decorated by an hourglass to
indicate time dependency

Stock

Flow

VariableFig. 6 Visual representation
of a small model with one
stock, one flow and one
variable. The value of the
flow depends on the value of
the variable, which in turn
depends on the value of the
stock
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Policies constitute a basic and important concept of system dynamics modelling.
A policy is a function in some variables that describes the rates of flow in a system
and hence the dynamic behaviour of the model (Richardson and Pugh 1981). Thus,
a policy is a decision rule which specifies how a decision-maker processes available
information from model variables (Sterman 2000). Questions regularly arise con-
cerning whether a given policy can be improved, or even what a “good” policy
“actually constitutes or entails. In this context, the need for efficient computational
methods for policy analysis as well as policy improvement and design has been
recognized in system dynamics, see, e.g., Yücel and Barlas (2011), Keloharju and
Wolstenholme (1988), and is an active field of research.

When developing a simulation model, the modelling step of “policy formulation
and evaluation” also compares the performance of two or more candidate policies
(Sterman 2000). When two simulations with different policies lead to different
system behaviors, one has to evaluate which of the two simulations is more suitable
or “better” for a given model purpose. To answer this question, one needs to define
an objective function so that the higher the value of the objective function for a
given simulation, the more favorable or “better” the policy (Dangereld and Roberts
1996). Once an objective function is defined, several approaches to computer-aided
policy improvement are at one’s disposal.

Direct parameter policy design starts with the definition of an analytic, para-
metrized, and usually nonlinear policy function (Keloharju and Wolstenholme
1989). The parameters of this function are set to starting values, and for each
parameter, a range of valid values is defined. These parameters constitute then the
free variables of the optimisation problem, i.e., the variables which can be varied
freely in pursuit of an optimal solution. Consequently, the goal of the policy
improvement is to find a set of parameter values within the given range that
improves the value of the objective function. The solution space in this case is
reduced by the a priori definition of the shape of the policy function. The solution
found by the optimisation algorithm depends strongly on this definition and
therefore on the expectations of the modeler. If a software package offers parameter
optimisation capabilities, it is usually possible to attempt producing the solution of
such direct parameter policy design problems.

Table function policy design is one possible way to generalizing direct parameter
policy design, by defining a parametrized table function instead of an analytic
function (Keloharju and Wolstenholme 1989). In this case, the modeler has to
define the number of data points of the table function and two intervals that define
the range of valid values of the data points on the x- and y-axis. This approach
removes the modeler’s expectations of the shape of the policy from the optimisation
process. However, the possible policies are reduced to the space of the piecewise
linear functions with the selected number of points. If the data points are then
required to have a pre-defined distance on the y-axis, the possible solutions are
reduced further, but at the same time, the number of parameters and thus the
number of free variables decreases. As in the previous case, the goal of the policy
improvement is to find parameter values (i.e., data points of the table function), that
improve the value of the objective function. A software package that supports table
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function policy design is found with the Powersim Studio plug-in SOPS (Moxnes
and Krakenes 2005).

In both cases, the modeler has to define the functional dependencies of the policy
function. This choice is closely related to the concept of bounded rationality
(MoreCroft 1985; Simon 1984) models.

A policy function, i.e., a decision rule, is a model about what information cues
an actor employs in order to make decisions in a given system. If this actor has only
a limited view of the system, then the policy will only depend on the variables and
information that are available to this particular actor (Sterman 2000). An improved
policy will enable this actor to make better decisions based on the limited infor-
mation available to him/her. Recent work has focused on improving policies for
such actors, using, for instance, co-evolutionary analysis (Liu et al. 2012).

In this paper, we will consider a different kind of actor. Our actor has a global
view of the model, i.e., he or she has information on all the state variables at all
times within the simulation time horizon.

Modeling the policy of an actor with such a comprehensive level of awareness
with the application of conventional approaches to policy analysis constitutes a
difficult endeavor. One option would be to define a table function for each state, that
depends only on that state. A mixed policy function that depends on all states, can
then be defined as a sum of these functions (Keloharju and Wolstenholme 1989).

One conventional approach to System Dynamics optimisation is based on
“optimisation by repeated simulation” (Liu et al. 2012). This has the advantage, that
any model which can be simulated, can also be optimized, since there are no
requirements on the properties of the model equations. However, approaches using
repeated simulation suffer from the “curse of dimensionality” Bellman (2003)
dynamic, where the significant dimension is that of the space of free variables. An
additional free variable adds a dimension to the optimisation algorithm’s search
space. Solving optimisation problems with a large number of free variables there-
fore quickly becomes impractical. As a consequence, the degrees of freedom in a
mixed policy function situation, are limited from a practical perspective, in the case
of an optimisation of the policy by repeated simulation being attempted.

We present a different approach and in so doing, directly optimize the values of
the policy function. This is equivalent to defining the policy as a time-dependent
table function with one data point for each time step of the time horizon. In the
context of physical systems, this kind of problem is known as an “optimal control
problem” Betts (2011). With this approach no assumptions on the properties of the
policy function are made a priori. It is only necessary to select the “free variables”.
In a conventional approach, these “free variables” would contain the values of the
policy functions. For each of these variables, a range of valid values must be
defined. It is then the task of the optimisation process, to find the optimal value for
each free variable at each time.

The resulting optimisation problem based on a system dynamics model can be
written as follows:
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max cðx; y; zÞ;
s.t. _x ¼ f ðx; y; zÞ;

y ¼ gðx; y; zÞ;
xð0Þ 2 X0

State variables: x ¼ xðtÞ 2 R
n

Algebraic variables: y ¼ yðtÞ 2 R
m;

Control variables: z ¼ zðtÞ 2 R
s:

Time horizon: t 2 ½ti; tf �

In order to solve such a problem, we differentiate between two approaches:

3.2.1 Local Approach

In the local approach, the goal is to find a locally optimal solution. Local optimality
means, that in a small neighborhood around the given solution, there is no solution
with a better objective value. For this approach, standard methods exist for
dynamical systems, which reliably deliver local solutions for small and moderately
sized problems. The task at hand is to reformulate and adapt a system dynamics
model, so that these methods can be used. Work on the local optimisation of system
dynamics models can be found for instance in Vierhaus et al. (2014). In this
chapter, we will focus only on the global approach.

3.2.2 Global Approach

In the global approach, the goal is to find a solution, and in addition to prove its
global optimality. This means that no feasible solutions of the problem with a better
objective function value exist. Hence, the global solution approach has two steps:
Find an optimal solution and prove that no better solution exists.

Both of these approaches can prove successful using techniques from mathe-
matical optimisation.

In the next section, we will show how modern optimisation techniques can be
used in the global approach to system dynamics optimisation. The basis is the
formulation of an optimisation problem, based on the control problem introduced in
Sect. 3.2. As mentioned before, the simulation of a system dynamics model using
numerical methods is well-established. This simulation is based on a
time-discretisation of the model, which we will also use for our optimisation
problems.

In order to discretise the model, we introduce a fixed time step of length Dt. We
then consider the equations of (Sect. 3.2) no longer at any t 2 ½0; T �, but only at nt
points in time defined by t ¼ j � Dt; j 2 f0; 1; . . .; nt � 1g. The derivatives
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appearing in (Sect. 3.2) need to be replaced by an appropriate discretisation scheme,
for example a Runge-Kutta scheme. The resulting system can then be written as
follows:

maxcðx0; . . .; xnt�1; y0; . . .; ynt�1; z0; . . .; znt�1Þ; ð5aÞ

s.t.xjþ 1 ¼ f ðxj; yj; zjÞ; j 2 0; 1; . . .; nt � 2 ð5bÞ

yj ¼ gðxj; yj; zjÞ; j 2 0; 1; . . .; nt � 1 ð5cÞ

x0 2 X0 ð5dÞ

State Variables: xj 2 R
n ð5fÞ

Algebraic Variables: yj 2 R
m; ð5gÞ

Control Variables: zj 2 R
s: ð5hÞ

This system now has the standard form of an optimisation problem, similar to the
one introduced in (1). In contrast to (1), we now only have a single objective
function. On the other hand, we have nonlinear equality constraints in place of
linear inequality constraints.

3.3 MINLP Approach

After the discretization of the system dynamics optimisation problem, it is possible
to attempt to solve it with existing solvers. Since we are interested in global
solutions, the algorithm used should be able to provide a certificate of global
optimality. One group of solvers that can provide this certificate are the
branch-and-cut solvers that were introduced in Sect. 2.3 This approach has been
successfully applied in the solution of Mixed Integer Linear Programs as well as
MINLPs from a range of applications [for example, see Defterli et al. (2011),
Borndörfer et al. (2013), Humpola and Fügenschuh (2013)]. Solving a control
problem derived from a discretised dynamical system with a standard
branch-and-cut solver is, however, in many cases unsuccessful, since the solver
does not take into account the special structure of the MINLP that arises from the
discretization, and from the handling of non-smooth functions via integer variables.
Without considering this structure, even finding a single feasible solution can
exceed a reasonable time budget of several hours or even days.

In the remainder of this section, we will present the concept of a tailored solver
for system dynamics optimisation problems. Like PolySCIP, this concept has been
implemented in the framework of the modern MINLP solver SCIP and results can
be found in Fügenschuh and Vierhaus (2013a, b), Vierhaus et al. (2014),
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Fügenschuh et al. (2013). A diagram describing the improved solution process is
shown in Fig. 6.

3.3.1 Transcription

The first step is the reading and transcription of the system dynamics model and the
optimisation parameters. Once the model and the optimisation parameters have
been read, the optimisation model is processed in two ways. An equivalent MINLP
is, then set up. This includes the time discretisation. At the same time, expressions
for the function _xðtÞ are derived from the model (Fig. 7).

3.3.2 Optimisation Based Reachability Analysis

To improve on the dual side of the algorithm, an Optimisation Based Reachability
Analysis (OBRT) is performed for every problem. This analysis computes bounds
for the possible states of the system using the dynamic behaviour and the initial
values x0 as input.

3.3.3 Primal Heuristic

In the interest of producing quickly feasible solutions, we implemented a simple
heuristic that reduces the control problem to a simulation problem by fixing the

Control problem

MINLPExpressions for ẋ

Presolve with OBRA

At each branching
on state or control

(x(t), z(t))

Apply bounds to MINLP

Compute SB bounds starting at t

Discretise, reformulate

Use local bounds as enclosure

Branch and cut loop

Fig. 7 Concept of a global solver for system dynamics optimization problems
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control variables to their lower (or in a second run upper) bounds. If there are no
path constraints, this process will always yield a feasible solution.

3.3.4 Bound Propagation Based on Differential Inequalities

To improve the bounds within the branch-and-cut process, we compute differential
inequalities as outlined in Scott and Barton (2013). This involves the solution of an
auxiliary simulation problem using the expressions for _x derived in the reading of
the problem.

3.3.5 System Dynamics SCIP

The concepts mentioned above have been implemented as the solver System
Dynamics SCIP (SD-SCIP). Like polyscip, SD-SCIP is an extension of the modern
MINLP solver SCIP and is publicly available (Füegenschuh and Vierhaus 2013a,
b).

4 Conclusion

This chapter introduced the framework of multi-criteria optimization and system
dynamics optimisation together with different modelling techniques. It showed that
mathematical optimisation is a useful tool for modelling a wide variety of problems
from the sustainability context. The two solvers presented PolySCIP (Schenker
et al. 2016) and SD-SCIP (Fuegenschuh and Vierhaus 2013a, b) were specifically
developed with applications from sustainability in mind. They can be used as
decision support instruments for a wide range of problems, from scheduling,
manufacturing and production to planning subsidies and taxes and exploring
dynamical pathways into the future. Both tools are publicly available and present an
opportunity for the sustainability community to benefit from recent advances in
mathematical optimisation.
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Inducing Behavioural Change in Society
Through Communication and Education
in Sustainable Manufacturing

Ina Roeder, Wei Min Wang and Bernd Muschard

Abstract The United Nations considers the mobilization of the broad public to be
the essential requirement for achieving a shift towards a more sustainable devel-
opment. Science can play a vital role in Education for Sustainable Development
(ESD) by contributing to ESD-related research and development on the one hand,
and by becoming active awareness raisers themselves in education and multiplier
networks. Specifically, the use of special Learnstruments, and investment in Open
Education formats among other educational tools, may pave the way for accelerated
apprehension and appreciation of sustainable manufacturing topics among the
greater populace.

1 The Challenge of Creating Proper Understanding
of Sustainable Manufacturing

For all liveable future scenarios, a change of manufacturing paradigms is manda-
tory, not only by producers but also by customers and users. In order to realize such
a behavioural change in society, it is essential to establish proper appreciation of
sustainable manufacturing or in a broader perception the general concept of sus-
tainable development. One conceptualization of a learning process holds that people
have to acquire knowledge and interpret and apply it to their own personal contexts
(Kolb 1984; Kirkpatrick 1996) in order to learn the lessons at hand. To assist people
in undergoing this learning process, awareness of sustainable development has to be
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raised first and foremost, and the respective knowledge has to be disseminated
accordingly. A range of factors however stands in the way of that pursuit.

Firstly, the complexity attached to the concept of sustainable development
impedes distinct understanding. It is often criticized as missing clear outlines and
being applied inconsistently (Grunenberg and Kuckertz 2005; Michelsen 2005;
Brand 2005). The predominant sustainable development model used today entails
the three pillars or spheres of sustainability, which emerged with the United Nations
Report “Our Common Future” by Harlem Brundtland in 1987. This model states
that sustainable development is only possible when all three spheres—economic,
social and environmental—are equally addressed. It was this attempt of a
super-framing that successfully combined the diverse perspectives and claims that
competed for leadership within the sustainability discourse in the beginning of the
1990s (Brand 2005). It was a concept that everyone could agree upon, as it was
broad enough to contain contrary perspectives. The other side of the coin is that
such a concept is inevitably inconsistent and therefore lacks clear outlines. From a
layperson’s viewpoint, this concept leads to contradictory scenarios, wherein sin-
gular measures serve to increase sustainable development and reduce it at the same
time, e.g. when a turn towards environmentally friendly products and more selec-
tive consumption patterns leads to job cuts, unemployment and higher poverty rates
at the production site.

Secondly, the popular spin of the term fails to mobilize people. As of the 1990s,
the public debate that later turned into sustainability communication still had a clear
environmental framing. Fuelled by catastrophes such as in Bhopal (1984) and
Chernobyl (1986), with strong media coverage, environmentalism became a social
representation, an element ultimately endowing social groups with identity (Kruse
2005). Consequences were political activism, broad framing in educational insti-
tutions, the media and the private sphere alike, and a sheer explosion of
well-designed information. In short, it triggered strong reactions in civil society and
central tenets which were fully embraced into people’s thinking. Yet the phe-
nomenon did not get repeated when the debate turned from environmentalism to
sustainable development in the aftermath of the United Nations Conference on
Environment and Development in Rio de Janeiro, 1992. In this case, social and
economic concerns were added to the agenda of environmental threats (Michelsen
2005). However, this did not translate into an increase in private activism nor into
the internalization of higher urgency due to heightened threats to societal welfare.
On the contrary, when the concept of sustainable development as a
multi-perspective issue was introduced, a strong trend of “de-dramatization”
(Grunenberg and Kuckertz 2005) set in, which persistently increased in the fol-
lowing decade. The challenges and possible measures were communicated and
regarded as less immediate and rather long-term in their effects, which resulted in
lower level short-term mobilization.

Consequently, despite society’s increasing familiarity with the sustainability
terminology, appreciation of the overall concept and awareness of its concrete
meaning in everyday life remain low. In Germany, for instance, 15 years of
intensive efforts to communicate sustainability through federal institutions and
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broad media coverage endured with some effect on people’s awareness of the topic
as shown in Fig. 1 (Roeder et al. 2015). Still, in 2014 only 39 % of the people had
some concrete ideas on the meaning of sustainability and less than about 4 %
associated it with future-aware behaviour. As these facts apply to Germany, a
nation known to have an elaborated educational system and easy universal access to
information, the direness of the information campaign can be expected to apply
even more seriously to people from parts of the world with little access to infor-
mation and a low level of basic education.

With the sustainability challenge becoming increasingly urgent, awareness
training continues to be a central task of all activities aiming at sustainable
development. This holds especially true for the field of sustainable manufacturing,
which is so far widely neglected in public discourse, in spite of its great impact on
all areas of human living. To be sure, the educational frameworks for school
education have been recently rewritten in Germany to incorporate sustainable
development into the curricula as a basic principle as well as a specific learning
objective. Nevertheless, the sustainability impact of manufacturing is hardly con-
sidered (Roeder et al. 2016). However, considering the German example described
before, classic measures seem to have failed so far in communicating the com-
plexity of sustainable development, and especially sustainable manufacturing, to
people with little previous knowledge. Just as sustainable development can only be
achieved when activating the majority of populace, this majority can only be won
over when stakeholders from diverse fields of sustainable manufacturing are acti-
vated to join in and strengthen change in society.

This chapter is meant as a guide to support the planning of knowledge dis-
semination measures in multi-disciplinary research projects. A general approach for
sustainability communication is introduced to highlight integral aspects in the
planning process. Furthermore, present gaps regarding mediation of knowledge
about sustainable manufacturing are identified. By providing best-practice exam-
ples, it will be demonstrated how specific challenges can be met. A central aspect
addressed in this context is Education for Sustainable Development (ESD), which
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Fig. 1 Average Germans’ acquaintance with the term sustainability over time (Roeder et al. 2015)

Inducing Behavioural Change in Society … 257



aims at teaching competencies as a combination of certain skills and knowledge that
enable the learner to understand, judge and act according to the sustainability
maxim (Wals 2015). Education for Sustainable Manufacturing (ESM) in this regard
is seen as a partial aspect of ESD with concrete focus on industrial aspects. The
importance of education is also stressed by the Organisation for Economic
Co-operation and Development (OECD) and the United Nations (UN), as, both
organizations agree on education being the main resource for societal change
towards sustainable decision-making (Bormann 2005). It is further argued that
science, in its unique position as a neutral and reliable source of knowledge, should
figure into the equation as a key stakeholder in spreading the word of sustainable
manufacturing.

2 General Approach for Science-to-Public Sustainability
Communication

As sustainability communication intends to reach a great number of people, it can
be considered as a form of mass communication. Following the fundamental model
of mass communication developed by Lasswell (1948), every action in this context
should be designed by asking the “five Ws”: who says what, in what way, to whom,
and with what effect? Although widely criticized for its ignorance of the receivers’
active role in influencing the communication by giving feedback to the sender of
the message, those “five Ws” represent, to this day, the major fields of mass
communication science. Answering these questions in the context of sustainability
communication from a scientific point of view, forms the boundary conditions for
the respective communication framework.

“Who”—The Communicator

The role of communicators in their domain and their intended communication goal,
imparts a strong influence on the message, the channels and the target groups. This
matter of who does the communicating is also key to where the problem lies.
Communicator credibility depends on status and expertise on the one hand and on
affectionately ascribed trustworthiness on the other. For the US it has been shown
that professors are ascribed both, expertise and trustworthiness (Fiske and Dupree
2014). This gives them an excellent initial position as communicators for people
will tend to believe them and agree with their opinions. Contrarily, scientists,
researchers and engineers are seen as experts but tend to be allocated less trust,
which reduces their credibility ascribed by the broad public. However, people’s
trust in someone changes significantly with this person’s position in relation to the
position of those who judge. This means, while the majority may not ascribe great
trustworthiness to scientists, researchers and engineers, the result is different when
asking sections of society that have certain aspects in common with those com-
municators, e.g. a high educational level. Also the ascribed trustworthiness is
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expected to increase when those scientific communicators show concern for
humanity and the environment; both being the case for manufacturing-oriented
sustainability communication.

For people transmitting sustainability knowledge, such as teachers, the greatest
capital is knowledge. These educators need to be sceptical towards new information
which they are persuaded to implement in their teaching activities by non-official
bodies, and, furthermore, be concerned, among other things, about the correctness of
the information and the underlying interests of the persuader. This locates them near
science communicators, making them a convenient target group for science com-
munication. When it comes to decision-makers (e.g. in politics), the reputation of an
information provider who is well-established in a certain field of expertise, offers
opportunities with influential stakeholders and increases the chances of being heard.
This is where publically funded science has an invaluable advantage. It is considered
neutral and exact in the highly competitive arena of sustainable manufacturing.

As a communicator, science has a vital position in passing on knowledge.
Hence, it has a triple role to play in (1) generating communicable knowledge about
sustainable manufacturing, (2) developing new scientifically sound dissemination
techniques and acting as a communicator with great credibility, and (3) promoting
knowledge dissemination and awareness raising for sustainable manufacturing.
Consequently, communication and teaching aspects should be considered in every
research project within the field, right from the very planning phase onwards.

“What”—The Message

The overall message of sustainable development is clear—we need to live in such a
way that future generations can have an average standard of living which is at very
least equal to the one we have today. The message of sustainable manufacturing is
even more narrowly defined, insofar as stating that dynamics of global competition
and cooperation can be used for lending wings to processes of innovation and
mediation towards the goal of global sustainability. Clear as those definitions might
appear in this abstract form, thorough understanding of the concepts requires
profound understanding and perspectives that are currently lacking in the narration
of the public discourse and thus hardly intuitive. To enable knowledge of sus-
tainable development and manufacturing, and to facilitate that message getting
communicated in a comprehensive way, it has to be applied to the context of the
target groups, e.g. by relating it to monetary values for industrial producers or
strategic advice in daily life situations for consumers. As shown in this book, a
multitude of examples demonstrate how technological, social and economic inno-
vations can be integrated with each other to contribute to sustainable development
by means of saving resources, increasing the living standard throughout the world
without increasing consumption, and developing business models that are based on
functionality rather than on personal ownership. Particularly with regards to com-
munication to the broad populace, a crucial aspect of the message is to raise
awareness about the complex nature of sustainability. The goal should be to create a
differentiated understanding of the term and hence to allow for sophisticated
decision-making in daily life.
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“To Whom”—The Target Group

Considering the communication goal of changing people’s behaviour, and the find-
ings on credibility described above, it becomes obvious that it is insufficient to simply
view the broad public as one homogeneous target group. Moreover, experience from
former sustainability communication measures shows us that mass coverage can only
play a supportive role in the whole process (Roeder et al. 2015). With respect to the
variety of potential recipients and communication goals, no panacea exists. Hence,
addressing multipliers becomes an integral part of mediating knowledge to large
numbers of diverse recipients. Multipliers can be defined as persons who have the
ability to influence the opinion, the behaviour or the actions of a social group by virtue
of the authority assigned e.g. by their social status or professional expertise. Their
relevance results from their hybrid nature, as they constitute just as much the target
group as they do the role of communicator. Multipliers can be, for example, teachers,
trainers or any other people in positions who communicate with a great number of
citizenry in their day-to-day work. They can also be decision-makers who influence a
lot of people’s behaviour by deciding on the choices they get to make, e.g. product
designers or politicians. Lucky for scientifically-based sustainability communication,
those are the very target groups who are likely to ascribe publicly funded science
communicators high credibility, as argued above.

By involving multipliers as a mediating party, a simplified model of sustain-
ability communication has been introduced that consists of three sets of commu-
nicators and target groups respectively. All three parties together represent the
communication network of science-to-public sustainability communication (Fig. 2).

Each party has to be understood as a communication partner who possesses
valuable information on sustainable development and power to influence its dis-
semination into society. For instance, teachers can give information onwhat materials
or tools they require for teaching sustainability. Decision-makers have insights into
the constraints that influence people’s behaviour, which often go unnoticed. The
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Fig. 2 Simplified communication model for dissemination of sustainability knowledge from a
scientific stakeholder perspective
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broad populace may have information about the acceptance of sustainability mea-
sures as well as about grassroots innovations and movements.

Viewing education as a core vehicle for transferring sustainability knowledge
into society allows for a more differentiated view of the target groups. While the
OECD and the UN consider education at all levels of formal and non-formal
education, teaching a holistic understanding of sustainable manufacturing requires
more specific target groups. Although it is useful if general ideas of sustainable
development are taught from early childhood onwards in conjunction with a uni-
form set of values, the integration of industrial aspects such as technology, pro-
duction planning and business models, should wait until the learners’ cognitive
ability has matured enough to process such complexity.

The human brain develops rapidly up to the age of about twelve. At the age of
13, further increase in memory performance is usually slow and marginal (Ahnert
2014). The ability of hypothetical and scientific thinking emerges, enabling the
young learner to verify hypothesizes by using logic. The cognitive ability devel-
oped by adolescence enables the students to rapidly extend their semantic networks
from that point on (Ahnert 2014). Well-developed semantic networks are funda-
mental to complex thinking, such as needed for understanding the workings of
sustainable manufacturing challenges and solutions. It can be therefore clearly
recommended to concentrate on target groups from the age of around 13 onwards
when teaching complex aspects of sustainable manufacturing. Of course, it helps by
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Fig. 3 Levels of education for manufacturing-related sustainable development
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all means if the students are already familiar with more general aspects of sus-
tainable development and science by that time, as demonstrated in Fig. 3.

Teaching sustainable manufacturing at the high school level again lays the
foundation for easy integration of correlating assumptions into higher education.
Still, the main focus of engineering and engineering economics education lies in
classic paradigms such as profit maximization. Sustainability aspects are inade-
quately represented despite the dire need to sensitize future manufacturing experts
to their responsibility as decision-makers and teach them how to plan and imple-
ment sustainable manufacturing. In summary, ESM, although generally building
upon ESD, needs to target high school students in order to prepare them for further
training as engineering or engineering economics students in higher education so to
pave the way for new, sustainability-oriented paradigms in manufacturing. Also
targeting the youth in general means targeting the next generation of consumers,
whose product choices make them direct stakeholders of sustainable manufacturing
if they choose to invest in sustainable products and sustainable production. Through
the same mechanism they can also have indirect effects as a pressure group on
enterprises that still follow unsustainable manufacturing strategies.

“In What Way”—The Channel

Target group orientation is the core of successful communication. The channels that
are used are therefore asmanifold as the target groups to be communicatedwith. Those
channels can be direct or indirect, depending on the assignment of the target group as
shown in Fig. 4. Apart from research-based communication such as interviews in
direct communication and survey sheets in indirect communication, the focus of direct
communication with multipliers is on training and through active participation on the
part of the respective stakeholder networks. The broad populace can best be reached
by offering exciting events with a high entertainment factor or even public educational
projects. Indirect communication canwork by offering specific trainingmaterials such
as extended teacher manuals complete with teaching materials or materials for
qualifying teachers as “Teachers of ESD” as a labelled skill enhancement, for
example. Training materials and appropriate manuals for skill-enhancement likewise
play a major role in the indirect communication with multiplying decision-makers,
especially from industry. Broad populace is thus reached indirectly through teaching
or through informational materials offered by the trained multipliers, and also through
a variety of activities such as exhibitions or competitions.

Useful communication formats and tools differ greatly among the target groups.
It is necessary for effective communication to choose carefully the channels that are
to be used. The channels described above are meant to be supplementary to the
well-established channels of scientific and journalistic media production such as
articles or print media.

“With What Effect”—The Result

Just as the impact of every communication activity should be measured and every
new product should be tested, the impact of innovative ESD activities needs to be
monitored in order to identify undesirable effects or outright ineffectiveness. The
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outcome of studies on knowledge gained and attitudinal or behavioural change can
usually not be expected to represent a fixed reality. It lies within the nature of social
sciences that there are as many social realities for a surveyed person as there are
social or psychological circumstances which this person experiences. The situation
becomes even more complex when the participants are children whose semantic
webs and other cognitional modes are not yet fully established (cf. Ahnert 2014). In
that vein, planning research designs for such target groups proves to be challenging.
Pre-tests of the design are thus absolutely necessary in this context. Especially if a
research group’s main focus lies in the technological field—as to be expected when
it comes to sustainable manufacturing—social scientific expertise needs to be
integrated in order to confront this challenge. However, a great number of cases and
careful research design can provide valid data on knowledge, attitudinal and
behavioural development subsequent to a treatment e.g. an ESD measure. This data
is fundamental to developing effective ESD solutions that are capable of con-
tributing to the societal change of paradigms towards sustainable development.

3 Present Gaps and Best Practice Solution Examples

This section presents exemplary gaps in ESD and ESM which were identified in the
course of an interdisciplinary research project on sustainable manufacturing. In the
following paragraphs, some of these gaps are introduced in context, along with best
practice solutions.

3.1 Sustainable Manufacturing in High School Education

A special focus of the Agenda 21, the UN development program for the 21st
century, lies with children and teenagers. In Germany, the programs “21” and
“Transfer-21” have been set up as local forms of the Agenda 21 from 1999–2008 in
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order to improve sustainability teaching at German schools, with moderate success
(Roeder et al. 2015). While educational frameworks have been rewritten in
Germany in order to integrate sustainable development into formal education, a
survey with above-average students in 2014 showed that only about 50 % had any
future-oriented associations with the term.

In-depth sample interviews with high school teachers showed that they did not
feel competent to teach sustainable development, let alone sustainable manufac-
turing (Roeder et al. 2016). They felt a lack of fundamental appreciation of the topic
of sustainable development and furthermore lacked the teaching materials that
would help them to overcome their knowledge deficiency in class. That this notion
is a common one among teachers becomes apparent in a study with educators from
schools that are implementing ESD programs under a local German program in
2015. Although all participants are already involved in ESD activities and have
been offered qualification courses, 44 % say it is difficult to develop the necessary
competencies for teaching ESD, and 51 % claim, moreover, that it is difficult to find
adequate teaching materials.

3.1.1 Open Educational Resources

The challenge of lacking adequate teaching materials for a fast developing field
with multiple perspectives could be met by solutions from the open knowledge
movement. That is, high expectations for educating the populace worldwide have
been raised by the concept of so-called Open Educational Resources (OER). The
Paris Declaration of the UNESCO 2012 World Open Educational Resources
Congress defines OER as “any type of educational materials in the public domain,
or released with an open license, that allows users to legally and freely use, copy,
adapt, and re-share”.

OER are dynamic. They can be quickly adapted and shared since they are sup-
posed to be produced in an open format and shared online. They also allow for a wider
variety of cases and examples than can be covered by a textbook alone. OER thereby
encourage teachers to tailor their teaching units according to their students’ interests
or current debates. This is where topics such as sustainable manufacturing, which are
widely neglected in education so far, can still be brought to teachers’ attention.

Sustainable development is mainly scheduled for the 9th and 10th grade at German
high schools (Roeder et al. 2016). A search for German OER on sustainable devel-
opment linked with topics of technology or industry for this target group in 2015
brought 29 results of which 18 also included at least one working sheet to use in class.
Most of them had been developed for the subjects of geography, social sciences,
biology, politics, religion/ethics, and economics. An analysis using the LORI1

method, assessing the items in seven categories on a 5-point scale with 5 being the
maximum score, showed an average (arithmetic) score of 3.6. Although some

1Learning Object Review Instrument by Leacock and Nesbit (2007).
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resources, especially those from official bodies, scored very high, only 55 %had good
(4) or very good (5) results at the assessment of content quality as shown in Fig. 5.
Another weak spot has been identified to be design: Only 10 out of 29 items scored
good to very good. 62 % had high or very high congruency with the defined learning
goals and 63 % included motivational elements such as varying assessment types.
Generally the OER scored lower than the sustainability sections of geography text
books for the same target group; those having an average (arithmetic) score of 3,9.

The exemplary international search for English OER on sustainability and
technology or sustainability and industry for the same target group (n = 48, 23
including working sheets, 131 identified items total) revealed the USA and Canada
to be the main producers of OER on the topic for this specific target
group. However, there are also free English teaching materials accessible by pro-
viders from the UK, Australia, Norway, and France among others. The LORI
assessment of 48 items that met the requirements of topic and target group best
showed a slightly higher score of the English OER than of those produced in
German language, the average (arithmetic) score of the international OER being
3,7. 65 % of the English-based OER were assessed to have good or very good
content quality and congruency with the learning goals. 22 out of 48 assessed items
scored good to very good with regard to design.

Apart from often poor didactic design, the connection to core sustainable
manufacturing topics were only marginal in most cases. This is a gap that needs to
be filled if the topic stands a chance of getting incorporated into high school
curricula. Since content quality is one of the weak spots, science has a clear
advantage as a producer of up-to-date and technically sound content. Critical in that
pursuit is that the research teams intending to produce OER as a tool for raising
awareness for sustainability must be multidisciplinary and bring together technical
and didactic expertise. An example of this has been done within the Collaborative
Research Centre (CRC) 1026 “Sustainable Manufacturing—Shaping Global Value
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Creation” (Roeder et al. 2016). When developing and producing their teaching unit
on “Sustainable Manufacturing,” the scientists followed a 3-step action plan cov-
ering content definition (1); didactic structuring (2); and material production (3).

Content Definition

Resource consumption in manufacturing is the central theme of the OER developed
by CRC 1026, addressing matters of human, natural and economic resources. In a
first teaching unit, general information on sustainable development built up to the
connection with manufacturing issues, so that, for example, the three pillars of
sustainability were explained from a manufacturing perspective. This was then
exemplified by a second unit discussing bicycle production in the context of more
specific sustainability issues within global value creation, such as producing in
low-wage countries, distributed production and CO2 emissions. A third unit
addressed Maintenance, Repair and Overhaul as clearly technical topics of sus-
tainable manufacturing, also addressing, for example, planned obsolescence.

Didactic Structuring

In the interest of implementing the educational frameworks with the ultimate cri-
teria of introducing teacher materials, nationwide educational programs were
analysed for their explicit reference to sustainable manufacturing. It became clear
that sustainable development is mostly set to become a fixed part of the 9th and
10th grade curricula and for all geography classes in nearly all federal states. To that
end, the content was defined according to these frameworks’ competencies and
learning goals, such as “cosmopolitan acquisition of knowledge, including multiple
perspectives” which was met, for example, by means of a role-playing exercise in
which students take on various roles of producers, workers and customers from
different geographical and cultural backgrounds. The learning goals of each exer-
cise and their links to the educational framework, along with further didactic
information, were all made explicit in an accompanying teacher’s guide.

Each unit was structured following a reduced learning spiral oriented at Mattes
(2011). To sum up, the procedure starts with teacher-oriented learning, requiring
increasing self-study and group study as the lessons proceed, and finally ending
with teacher-led concluding elements which follow up on individual learning
results. Obviously the content must be general in the beginning, using everyday
experiences of the target group as the starting point. It gets more specific as the
lesson proceeds. At the end of the lesson, exercises are designed to ask students to
transfer the acquired principles to other fields.

Since the material is supposed to be usable at different proficiency levels, a focus
has been set on internal differentiation. Hence, exercises are set in three levels of
difficulty.

Material Production

The best content will be ignored by teachers and students alike if the design is not
appealing. The CRC 1026 invested in a professional designer for layout and
graphics. OER are free of charge and free to adapt. In using OER, it is however of
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utmost importance either only to use graphics that are offered under a global
commons license, or to produce them explicitly as such. A challenge when creating
OER is adaptability. A publishing licence allowing for adaption is no benefit if the
format and design of the materials offered are themselves not adaptable. It is thus
paramount that the designer does his/her work with software that most teachers or
even students have access to. In that vein, CRC 1026 decided to do its layout in
Microsoft Powerpoint in order to foster easy exchange of graphics or text blocks.

3.2 Sustainable Manufacturing in Higher and Vocational
Education

Promoting excellence in engineering has emerged as a strategic goal on the part of
industry, society and nations in pursuit of improving living standards. The European
Technology Platform for Future Manufacturing Technologies (Manufuture) high-
lighted the role of engineering education explicitly as a key driver in achieving this
goal (Manufuture 2006). Chryssolouri recommends “manufacturing education
should follow new approaches so as to prepare industry for the next-generation
innovation and the support of its growth” (Chryssolouris 2005).

Innovative sustainable manufacturing offers a vehicle for coping with the
challenge of sustainability. New training and education activities within organiza-
tions comprise the lever for achieving higher education in this area. For structuring
an engineering design course with respect to teaching aspects of sustainability,
Pappa et al. (2013) took Bloom’s taxonomy of the cognitive domain as a basis. Yet
the development of an approach in engineering wherein instruments are used to
convey aspects of sustainable manufacturing with regards to the affective and
psychomotor domains, was however hardly discussed.

3.2.1 Learning Through the Support of Technology—Learnstruments

Great potential for increasing the awareness and the learning and teaching pro-
ductivity on sustainable manufacturing topics is seen in addressing the matters of
technical content and the learner’s feeling, values or psychomotor skills at the same
time. Such instruments for learning could be found in so-called Learnstruments.

Learnstruments are production technologic objects both tangible and intangible,
automatically demonstrating their functionality to the user. They aim at increasing
the learning and teaching productivity and expanding the awareness of the envi-
ronmental, economic and social perspective of sustainability. By their application,
Learnstruments enhance organizations’ human, structural and relational capital
through higher skills and knowledge, structure and collaboration.

The neologism Learnstrument consists of the words learning and instrument.
Learnstruments support the learning process by providing adequate learning goals
to the user. Instruments in this sense are considered as objects supporting the user
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effectively and efficiently in achieving the learning goals. Furthermore, learning
processes can be designed in a new fashion, focusing on sustainability to shape
people’s understanding of this important topic during training and learning.

They address cognitive, affective and psychomotor learning goals and strive
towards the fulfilment of high level learning goals. Enabled by new and existing
information and communication technology, Learnstruments allow the determina-
tion of the user’s cognitive learning level and provide adequate learning goals
towards the fulfilment of creation. Repetition strengthens the user’s psychomotor
ability for adaptation of human skills to execute manufacturing tasks.

The concept of Learnstruments is introduced and illustrated with two proto-
typical implementations.

3.2.2 CubeFactory

The CubeFactory is a Learnstrument addressing the understanding of a closed loop
material cycle of polymers by an application-oriented mediation process. This
mini-factory constitutes self-sustaining learning and production equipment which
contain the main components involved in value creation, such as material pro-
cessing, energy supply, manufacturing tools and tools for knowledge transfer.
Based on the learning cycle of Kolb (1984), the CubeFactory considers aspects of
perception and processing continua designed to increase learning productivity. The
user is methodically supported in knowledge creation by the elements of concrete
experience, reflective observation, abstract conceptualization and active experi-
mentation. An open source 3D printer is the main value creation tool. The additive
manufacturing process is regarded as sustainable since it places material exactly
where it is needed to build up the workpiece. Unlike subtractive processes such as
turning, milling, drilling, virtually no waste or by-products are generated in the
whole process.

The so-called Home Recycling Device (HRD) serves as a material supplier for
3D printer consumables and demonstrates the value and potential of plastic recy-
cling. A mechanical knife-shredder granulates thermoplastic waste that is further
processed into an electrically heated screw extruder. This can turn a non-valuable
object like thermoplastic domestic waste, into a valuable product like 3D printer
filament. “Comparing the cost of 100 kg of sorted plastic waste ($1.00) with 1 kg
of 3D printer ABS-filament ($25), an up lift ratio of 2500:1 is realized” (Muschard
and Seliger 2015; Reeves 2012). Through the application of the HRD, the user
learns that local processing of raw materials can shorten or even eliminate distri-
bution channels, can reduce the volume of waste, can save on CO2 emissions, and
at the same time ultimately make the production of goods more cost effective. An
important lesson in the mediation of sustainability is that energy cannot be pro-
duced, but only converted. In a sustainable manner, it applies to abdicating
non-renewable resources and to making renewable resources available.

For those purposes, the CubeFactory contains a self-sufficient energy supply
system formed by solar modules, rechargeable batteries and a battery management
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system. The knowledge transfer device is a learning environment implemented in a
touchscreen tablet computer, supporting the user in exploiting the potential of the
mini-factory. It assists the user in comprehending the CubeFactory’s manner and in
carrying out learning tasks in a simple and intuitive way.

To address a broad spectrum of users, to arouse curiosity and to motivate the
learner, the CubeFactory is designed taking differences in knowledge, skills, age,
disability or technological diversity into account (Fig. 6).

Fig. 6 CubeFactory: mobile, self-sufficient mini-factory
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3.2.3 Smart Assembly Workplace

The Smart Assembly Workplace (SAW), shown in Fig. 7, is a learning workplace
for manual (dis-)assembly tasks with the example of bicycle e-hubs. It equips the
worker with the tools and know-how needed to improve and plan such a workplace
on their own. The learning-path is structured in initial learning and consecutive
in-depth e-learning. It consists of fixtures, material boxes, tool holders and a camera
to be affixed at the workplace.

During initial learning, users less experienced in assembly obtain a basic
overview of the assembly sequence. The main requirement for this is to give the
user immediate feedback referring to her/his current constitution and actions. By
means of a marker-less motion-capturing software (Krüger and Nguyen 2015), the
hands of the user are tracked by the system. Whenever the learner enters a so-called
event-zone, an internal time stamp is logged and the assembly description auto-
matically reveals the next assembly step on the display. In case of a mistaken
action, a message is displayed to the user.

When the user enters, for example, the nuts-bunker with her/his hand, it can be
assumed that at least one nut has been picked. On the basis of the time spent,
conclusions with respect to the current work performance or level of learning of the
user can be drawn. As soon as the worker’s performance reaches the target time
according to Methods-Time Measurement (MTM), the respective MTM-code is
displayed to the user via the computer-supported instruction. It is utilised for the
purposes of analysis and planning of working systems. By this representation, the
user implicitly learns about the composition and meaning of the respective code.

The learner can use an e-learning module facilitating MTM knowledge in a
self-explanatory way. The module consists of descriptions, hints and

Fig. 7 Smart Assembly Workplace: assembly sequence of bicycle e-hubs is automatically
transmitted to the user
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recommendations about the usage of MTM with the example of the bicycle e-hub.
In a final stage, generic suggestions for improvement are displayed to the learner.
These improvements are dedicated to assisting in the process of creating ideas for
improvements in the learner’s workplace (McFarland et al. 2013).

Although learning and understanding are intrinsic processes, this happens mostly
in the setting of an interaction between the learner and the environment. Intelligently
designed technologies and artefacts can assist the human in her/his learning process,
and help to enhance teaching and learning productivity. The increasing digitization
of manufacturing opens up new opportunities for knowledge transfer, in which the
teacher and the learner no longer need be present at the same location.

The SAW replicates the production technology laboratory of the
Vietnamese-German-University in Ho Chi Minh City, Vietnam. An assembly
description, recorded at the German SAW, was transferred to the Vietnamese one. It
was shown that the students in Vietnam—having scant knowledge about assembly
—were able to assemble e-hubs with the help of this description. An expert was not
required to be present in Vietnam to that end at all.

3.3 Facilitating Appreciation of Sustainability Aspects
Through Gamification

As described above, the topic of sustainability is rather complex and it therefore
takes time to supply an interested person with the necessary knowledge. In the
context of the general public, the interest in picking up information without being
forced to (by work, school or similar) decreases if too much time is required to
supply the knowledge. Gamification addresses this topic by the use of game design
elements in non-game contexts (Tan et al. 2011). Gamification provides elements
that keep the interest of a person in a specific topic by using design elements like
scores, achievements and storylines.

One way to transfer and demonstrate the challenge of sustainable product
development is to let people experience this process first hand. Therefore, a
“Product Configuration Game” (PCG) was developed in which the user is put in the
role of a product developer who has to configure a new product from a limited set of
options (Wang et al. 2014). The product in that case is a simplified model of a so
called Pedelec (Pedal-Electric Bicycle). The configurable parts of the Pedelec
comprise the basic frame and additional functional features. Furthermore, three
different suppliers for the basic frame are available. This limited set of configuration
options simulates existing supply chains and product politics. All features and
product options are assigned with sustainability scores indicating their impact on
respective sustainability indicators, such as global warming potential, primary
energy consumption or fairness of salary. These scores where derived from results
from a LCA conducted by Neugebauer et al. (2013) for a similar use case. By
aggregating all sustainability score of one specific setting, a total sustainability
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score is calculated and visualized as bar chart for each of the sustainability
dimensions (see Fig. 8). To demonstrate the fact that product developers usually do
not have all necessary information about the impact of their choices the visual-
ization of the total sustainability impact is also not available at the beginning of the
game. Instead, the users have to rely on vague descriptive characteristics of features,
such as material price, weight or design style. Only when they confirmed their
decisions the bar charts representing the sustainability impacts are revealed. Then
the users can change their decisions to explore the influence of different options.
The impacts of their changes are then shown in real time. A further PCG feature,
called the “Ontology Browser” allows the user to investigate the complex network
of relationships between the product options and the sustainability indicators in a
controlled way by using ontological trees developed for this game (Wang et al.
2014).

Fig. 8 Product Configuration Game: the user interface provides graphical feedback in the product
model and shows impact of configuration decisions on all three sustainability dimensions in real
time as bar charts
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Various Gamification Design Elements (Tan et al. 2011) where chosen to
motivate the user:

• Mechanics of the configurator construct a system of interacting parts that can be
combined to achieve different results, so that exploring the different types of
sustainability impact of the pedelec parts is necessary in order to understand the
game mechanics

• Feedback visualization shows the result of the combination by delivering not
only values in terms of graphs but also by providing a visual of them using a
2D/3D representation of a pedelec, therein enabling one to create her/his own
custom-designed bike

• Fun motivator—role-play puts the user into the role of a design engineer with
the task of creating a sustainable pedelec

• Fun motivator—research uses the ontological mechanisms for providing a
visualization of the complex network behind the sustainability of the pedelec,
which then allows the user to explore those networks discovering new relations

Using these gamification elements enriches the configurator in a way that users
are kept interested as they are supplied with more information about sustainability
during the usage of the configurator.

4 Conclusion

If the lifestyles of both economically up-coming and economically developed
communities are persist to be shaped by the existing, currently predominant tech-
nologies, then resource consumption will exceed every accountable ecological,
environmental and social boundary known to man (Seliger 2012; Ueda et al. 2009).
However, human initiative and creativity opens up a panoply of paths for future
development in pursuit of coping with the challenges of sustainability on a globe
scale. Their chances of successful implementation essentially depend on their
ability to take hold in an increasingly globalized arena of market driven activities.
Both, demand and supply, are thus not only abstract financial figures, but concrete
goods in the sense of products and services as artefacts of human activities in
manufacturing and design. Manufacturing technology significantly determines how
exactly humans create these artefacts, and thus how they shape their environment,
communities and individual lives. Directing these human activities to coping with
challenges of sustainability is, consequently, a relevant research contribution in
manufacturing technology.

In the politically charged arena of sustainable manufacturing with its high
economic impact and huge variety of conflicting interest groups, the comparatively
neutral position of science can serve to help win over people’s trust. At the same
time, innovative approaches, methods and tools need to be scientifically developed
in order to overcome the educational gap regarding sustainable development and
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even more sustainable manufacturing. The triangle of researching, educating and
networking that determines schools’ and universities’ daily agendas likewise
involves the three pillars of ESD science: researching and developing innovative
didactic approaches (1), putting them into direct use by integrating them into
education as awareness-raising activities (2), and making use of universities’ unique
localization as experts standing in between politics, industry and a great number of
learners in pursuit of building networks for promoting ESD (3).
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