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ENGLISH SUMMARY

In the wake of unprecedented global economic expansion and a quickly increasing
middle class, the current economic models jeopardize our future by causing resource
depletion, excessive land use and global warming. To address this, concepts such as
industrial symbiosis — where waste and byproducts of one industry are used as
feedstock for another industry — are gaining traction. However, despite the growing
attention and the concept’s importance for our future, how to manage supply chain
related issues in this context has received rather scarce attention. Yet, the context of
industrial symbiosis is rather peculiar due to, for example, the varying quality of waste
and byproducts, the cross-industry collaborations and a lack of transparency in the
upstream supply chain.

Therefore, to flourish, the context of industrial symbiosis demands the development
of new supply chain capabilities. By focusing on the process industry, which on its
own accounts for over 70% of all industrial symbiotic activities worldwide, this
research provides new insights guided by the following research aim:

To understand the structural supply chain foundations and to develop supply chain
capabilities in the context of industrial symbiosis in the process industry

The presented insights cover the most pressing needs in terms of managing symbiotic
supply chains. Building on six studies and one conference abstract, the following
supply chain management domains are covered:

- Sourcing: a model to select markets with waste and byproducts which fit
production requirements.

- Environmental supply chain management: a model to assess the
environmental impact of the suppliers and link this to the economic
performance.

- Setting up new supplier relationships: a model on how to create the trust
needed to make investments in industrial symbiosis.

- Managing supplier relationships through supplier integration: insights into
how to design the supplier integration to align the supplier’s waste and
byproducts with production requirements.

The presented solutions include both mathematical models and organizational
capabilities. The novelty lies in the applicability of the solutions as demonstrated by
their implementation at a cement manufacturer who is heavily engaged in industrial
symbiosis. Lessons from the implementation are presented along with the solutions.
By covering a wide range of supply chain activities, this dissertation can serve as a
point of departure for supply chain managers.
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This dissertation contributes to literature in two broad ways. First, by building on
existing knowledge and adjusting this to the context of symbiotic supply chains, new
knowledge is developed on supply chain domains who need it the most in the context
of industrial symbiosis. Second, as a pioneer in the field of supply chain management
in the context of industrial symbiosis, the developed models, propositions and
theoretical frameworks serve as avenues for future research.



DANSK RESUME

I kelvandet pa en hidtil uset global gkonomisk udvikling og en hurtigt voksende
middelklasse truer de nuvarende skonomiske modeller vores fremtid ved at forarsage
ressourceudtgmning, overdreven arealanvendelse og global opvarmning. For at
imgdega dette, bliver begreber som industriel symbiose - hvor affald og biprodukter
fra en industri bruges som ramateriale til en anden industri - centrale. Pa trods af den
voksende opmarksomhed péa konceptets betydning for vores fremtid, har der veeret
begraenset fokus pa handtering af forsyningskeade relaterede problemer. Konteksten
for industriel symbiose adskiller sig dog veesentligt fra traditionelle supply chains,
f.eks. som fglge af den varierende kvalitet af affald og biprodukter, tvaerindustrielle
samarbejder og mangel p& gennemsigtighed i opstrgmsforsyningskaden.

Den succesfulde industrielle symbiose fordrer dermed udviklingen af nye
forsyningskeedekompetencer. Ved at fokusere pd procesindustrien, som i sig selv
tegner sig for over 70% af alle industrielle symbiotiske aktiviteter verden over, giver
denne forskning nye indsigter styret af falgende forskningsmal:

At forsta det strukturelle grundlag for forsyningskeeden og udvikle
forsyningskeaedekapabiliteter i forbindelse med industriel symbiose i
procesindustrien

De preesenterede resultater adresserer centrale elementer af et styringskoncept for
symbiotiske forsyningskeder. Baseret pa seks studier og et konference abstrakt,
adresseres fglgende ledelsessystemer til understattelse af den symbiotiske
forsyningskeede:

- Indkeb: en model til at identificere markeder med affald og biprodukter, der
matcher opstillede produktionskrav.

- Miljgforsyningskaedeforvaltning: en model til vurdering af leverandarernes
miljgpavirkning koblet til det gkonomiske resultat.

- Opsetning af nye leverandgrforhold: en model for opbygningen af den tillid,
der er ngdvendig for at investere i industriel symbiose.

- Handtering af leverandarforhold gennem leverandgrintegration: indsigt i
hvordan leverandgrintegration designes for at tilpasse leverandgrens affald
og biprodukter med de opstillede produktionskrav.

De praesenterede lgsninger omfatter bade matematiske modeller og organisatoriske
kapabiliteter. Nyhedsverdien ligger i anvendeligheden af lgsninger, som er
demonstreret ved deres implementering hos en cementproducent, der er steerkt
engageret i industriel symbiose. Leringen fra implementeringen prasenteres sammen
med lgsningerne. Ved at deekke en bred vifte af forsyningskeaedens aktiviteter, kan
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denne afhandling tjene som udgangspunkt for forsyningskaedeledere nar de skal
lgseudfordringer relateret til industriel symbiose.

Endelig bidrager denne afhandling til litteratur pa to mader. For det farste, ved at
bygge videre pa eksisterende viden og tilpasse denne til symbiotiske forsyningskader,
udvikles ny viden om forsyningskades behov i industriel symbiose. For det andet
tjener de udviklede modeller, propositioner og teoretiske rammer som veje til
fremtidig forskning.
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CHAPTER 1. INTRODUCTION

Around 1850, the American philosopher Henry David Thoreau wrote in his journal:

“We pride ourselves on discovering a use for what had previously been
regarded as waste, but how partial and accidental our economy compared
with Nature’s. In Nature, nothing is wasted” (Thoreau 2009, p. 109).

Although written with economic goals in mind, the lessons of Thoreau about using
waste as a resource are still relevant and resonate well with the ongoing shift towards
sustainable development. Sustainable development has been defined in various ways,
but the most commonly cited definition probably comes from the Brundtland Report:

“Sustainable development is development that meets the needs of the
present without compromising the ability of future generations to meet
their own needs” (World Commission on Environment and Development,
1987, p. 41).

Other seminal works added to our current understanding of sustainable development
as well. The Limits to Growth by Meadows et al. (1972) — a report on a computer
simulation about economic growth and population growth constrained by a finite
supply of resources — highlighted the limited availability of the earth’s resources as
an important ingredient of sustainable development. Furthermore, John Elkington, in
Cannibals with Forks: the Triple Bottom Line of 215 Century Business argued that
one has to consider the trade-offs and synergies between what became known as the
triple bottom line: economic, environmental and social goals (Elkington, 1997).
Sustainable development gained momentum in the last decades, as illustrated by the
Millennium Goals and, later, the 17 sustainable development goals of the United
Nations?.

To achieve sustainable development, the concept of a circular economy is gaining
traction. This is, amongst others, witnessed by the Circular Economy Production Law
of the People's Republic of China (The Standing Committee of the National People’s
Congress China, 2008) and the European Circular Economy package (European
Commission, 2015). The current understanding of the circular economy builds on
different schools of thought such as cradle to cradle (McDonough and Braungart,
2002), industrial ecology (Graedel, 1996), blue economy (Pauli, 2010), zero carbon
manufacturing (Ball et al., 2009) and cleaner production (Lieder and Rashid, 2016;
Ghisellini et al., 2015). The idea of the circular economy is to avoid waste, reintroduce
waste as a resource and to preserve the value of products as long as possible. The

1 The 17 sustainable development goals of the United Nations address issues such as, but not limited to, poverty, education,
(gender) equality, clean energy, sustainable cities, pollution and climate change. The United Nations aim to accomplish
the goals by 2030 (United Nations, 2015).
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concept of Failed Value Exchanges is a pivotal attribute to the circular economy:
capturing the economic value that is otherwise destroyed or not internalized from
discarded products and materials allows firms to gain a competitive edge in an
environmentally preferred way (Yang et al., 2017).

However, in the current economy, industry accounts for a large share of the overall
waste generation and, therefore, suffers a high Failed Value Exchange. In the
European Union, for example, manufacturing accounts for 10.2% of the waste
generation in weight, summing up to over 255 million tons on an annual basis?
(EuroStat, 2014). Industrial symbiosis — the practice of using waste and byproducts of
one firm as input for another firm (Chertow, 2000) — is a well-acknowledged way to
reduce waste generation and to limit the Failed Value Exchange (Geng and
Doberstein, 2008; Ghisellini et al., 2015).

The process industry plays a major role in industrial symbiosis. Manufacturing
processes can be categorized into two general groups: discrete manufacturing and the
process industry. Discrete manufacturing typically deals with producing and
assembling individual parts, components and finished products. Examples are cell
phones, wind turbines, machinery, tools and aircrafts. The process industry, on the
other hand, is characterized by processes which include mixing, blending, extrusion,
chemical reactions, baking and annealing. The final products range from solids,
liquids and powders and are often delivered in bottles, tanks, bags and buckets.
Examples of final products of the process industry include cement, paints, fibers, glass
and plastic. The MEASTRI Exchanges Database — a comprehensive dataset of
symbiotic exchanges composed by The University of Cambridge (Evans et al., 2017)
— holds 425 different accounts of industrial symbiosis. A deeper look into the data
shows that the process industry is indeed a frequently recurring industry in industrial
symbiosis — see figure 1.1 — with an especially important role for the heavy process
industry like cement production.

2 For comparison: this is 24% more waste than the waste generated by households (EuroStat, 2014).
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Figure 1.1. Types of industries involved in symbiotic exchanges.

However, despite the heavy engagement of the process industry in industrial
symbiosis, much can be gained. In fact, many acknowledge that there is still a large
untapped potential for industrial symbiosis in the process industry since many feasible
symbiosis opportunities have not materialized — see for instance Yap and Devlin
(2017), Chertow and Ehrenfeld (2012), Gibbs and Deutz (2005), Tudor et al. (2007)
and Deutz and Gibbs (2008). In fact, although literature abounds in recommendations
on how to develop industrial symbiosis, literature does not consider the context of the
process industry in their effort to lift industrial symbiosis beyond their current level.
Sousa and Voss (2008) stress the importance of contingency factors such as industry
for operations and supply chain management endeavors like industrial symbiosis. The
next section elaborates on the context of the process industry and how this affects
industrial symbiosis.

1.1. INDUSTRIAL SYMBIOSIS IN THE CONTEXT OF THE
PROCESS INDUSTRY

Process plants are inherently different from discrete manufacturing plants for the
following reasons (King, 2009):

1. Capital intensive. Compared to discrete manufacturing, the process industry
typically relies on expensive equipment such as ovens, pipelines and
cyclones. Those investments often have long pay-back times.

2. Throughput is limited by equipment. Whereas in discrete manufacturing
firms can often add shifts to increase throughput or to remove a bottleneck,
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process plants typically run 24/7 and adding additional labor to, for example,
a cement kiln, will not increase throughput with a single iota.

3. Equipment has limited applications. Discrete manufacturing often uses
equipment such as welding machines, computer numerical control (CNC)
machining and lathes which can be used for multiple purposes. In the process
industry, equipment is typically optimized for a single purpose such as
cement making or paint production.

The above points have implications for industrial symbiosis. Due to the capital
intensity, the equipment is often designed and optimized for processing of the existing
products and materials (often before the introduction of industrial symbiosis
practices). As such, introducing new products such as waste and byproducts to the
production system can lead to process inefficiencies such as production losses and
unexpected stops as well as implications for final product quality. Due to the 24/7
nature, production losses cannot be compensated by adding overtime. Moreover, the
capital intensiveness of the processes often restrains firms from adjusting their
processes towards the newly introduced waste and byproducts.

Furthermore, besides the difficulty to change the production setup for the introduction
of waste and byproducts, the process industry is limited in dealing with quality issues
during the production stage for the following reasons (King, 2009):

1. Continuous and single direction flow of products throughout the
production process. In discrete manufacturing, parts can often be
reintroduced to the production system for additional processing when
needed. However, in the process industry, it is often difficult to separate
single units or batches during the production stage. Furthermore, products
can often not re-enter the production process once they are finished (French
and Laforge, 2006). The often limited or non-existing intermediate storage
of half-fabricates further complicates reprocessing in case of detected quality
issues.

2. Expensive to start and stop processes. Stopping the process often comes at
large costs in the process industry. Batches might be lost and high cleaning
costs (e.g. removing molten plastic which froze in pipelines) and start-up
costs (e.g. heating up a cement kiln before production can start) might apply.
Hence, production stops caused by waste and byproducts are costly. On the
contrary, machines found in discrete manufacturing can often easily start and
stop at a low cost.

3. Input as the origin of quality issues. A large deal of the variation of quality
issues in the process industry stems from the input. The process industry
often relies on natural ingredients. For example, chalk for cement, ore for
metals, crops for food and pigments for paints. Variation in the purity of the
materials (for example due to seasonality or geographic origin of the product)
may cause variation in final product quality as well as in process efficiency.
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Waste and byproducts often have lower quality and higher variability
(French and Laforge, 2006; Guide et al., 2003; Bansal and Mcknight, 2009),
therefore impacting the final product quality.

The difficulty and the costs of dealing with quality issues in processes which are not
designed for waste and byproducts, combined with the input as a source for quality
issues, puts emphasize on introducing waste and byproducts which fit with the
existing production process. Unfortunately, determining the fit of waste and
byproducts may be more complicated and time-consuming in the process industry
than in discrete manufacturing for the following reasons (King, 2009):

1. Process as the origin of quality issues. In discrete manufacturing, worn
tooling or improper machine setups typically cause quality issues. Hence,
quality issues can often easily be linked to certain production stages. In the
process industry, quality issues are often transient due to random variation in
for example temperature, pressure, throughput rate and other process
parameters.

2. Detectability of quality issues. In the process industry, the detection of
errors often takes time due to subtle quality parameters. For instance, to
assess whether a paint has the correct color, paint must be applied on a test
panel and must subsequently be dried before one can assess the conformance
with color specifications. Other examples of quality parameters which may
take time to detect include viscosity, texture, chemical composition, flavor
and aroma. In discrete manufacturing, quality issues are often easier to
detect: i.e. spatial dimensions.

Due to the random variation in the processes and the variation in the purity of the
input materials, the assessment of how waste and byproducts affect final product
quality and process efficiency can become a complex and time-consuming task. Poor
detectability and inaccuracies in measurement systems may further complicate the
assessment of waste and byproducts. Due to the large variety of factors and potential
inaccuracies, data collection might span over a significant time frame (several days
up to several months) (Hair et al., 2009) — especially in cases where laboratory tests
do not suffice in capturing the full impact and the full impact can only be measured
by actually using the waste and byproducts in the production system and reading and
analyzing the production data.

In summary, to boost industrial symbiosis in the process industry, the waste and
byproducts must align with the current processes. Aligning input with production
requirements is typically the domain of supply chain management. Yet, the field of
industrial symbiosis has only received limited attention from a supply chain
management perspective (Herczeg et al., 2018) even though supply chain
management for industrial symbiosis faces different challenges than supply chain
management in traditional supply chains (Bansal and McKnight, 2009).
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1.2. THESIS OBJECTIVE

To develop supply chain capabilities for industrial symbiosis in the process industry,
one also has to understand the structural supply chain foundations which affect such
capabilities. Therefore, this dissertation aims:

To understand the structural supply chain foundations and to develop supply chain
capabilities in the context of industrial symbiosis in the process industry

In this dissertation, the term ‘structural supply chain foundation’ refers to contextual
factors which affect supply chain practices. The individual research questions
elaborate further on those contextual factors and develop fitting supply chain
capabilities. An initial study as part of this research project showed that industrial
symbiosis complicates selecting appropriate suppliers and managing the selected
suppliers (Prosman et al. 2017) — see paper | in the appendix for a more detailed
perspective. Hence, this dissertation addresses two overarching themes: 1) supplier
selection and 2) managing supplier relationships. Throughout the thesis, the main goal
of environmental sustainability is interwoven with the discussed topics.

1.3. STRUCTURE OF THE THESIS

The thesis is divided into five chapters which, together, form a covering essay of the
individual papers. The overview of the dissertation is as follows:

Chapter 1. Introduction Chapter 3. Research design
Setting the stage by introducing the Motivation behind the applied
overall research context and research methods and description of
research need and the thesis the research methods.
objective.

/ Chapter 4. Results and \
Discussion
Chapter 2. Theoretical Presenting (a) the research

; context, (b) a summary of the
foundation findings reported in the individual
papers, (c) additional findings and
reflections from implementing the

findings and (d) the theoretical
. . contribution for each research
Supplier selection: question
- ldentifying suitable suppliers k ' /
- Environmental supplier
selection |

Motivation and introduction to
the main literature of each
individual research questions:

. . . . Chapter 5. Conclusion
Managing supplier relationships: .
> - Conclusion of the overall
- Setting up partnerships

o . dissertation aim, limitations and
\ - Supplier integration

directions for future research.
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CHAPTER 2. THEORETICAL
FOUNDATION

This chapter outlines the relevant literature for this research with the aim of
ensuring the academic relevance and to position the work. The chapter starts with
a general introduction on supply chain literature related to industrial symbiosis
followed by literature specific to the research questions related to the overarching
themes of 1) supplier selection and 2) managing supplier relationships. This chapter
concludes with an overview of the research questions and the contextual factors
which influence and justify the research questions.

2.1. SUPPLY CHAIN MANAGEMENT FOR INDUSTRIAL
SYMBIOSIS

In the last decades, sustainable supply chain management has enjoyed an immense
interest from academics and the number of papers on the topic has ballooned. Table
2.1 provides an overview of the literature reviews on sustainable supply chain
management in an attempt to get an overview of the topics covered in literature.
Although some aspects of sustainable supply chain management are abundantly
covered in literature, literature on supply chains for industrial symbiosis, let alone
industrial symbiosis in the process industry, is still rather nascent.

Regardless of the lack of literature on supply chain management for industrial
symbiosis (in the process industry), firms who operate in this context may
experience context related supply chain issues (Bansal and Mcknight, 2009). In fact,
an initial study conducted at the start of this research project showed that industrial
symbiosis complicates selecting appropriate suppliers as well as collaborating with
the selected suppliers — see paper | in the appendix. In addition to the initial study,
during the course of the research project, other supply chain challenges related to
the context of industrial symbiosis emerged.

In addressing these issues, one has to acknowledge that sustainability often plays a
secondary role for firms. Economic performance criteria, in contrast, often play a
more prominent role (Sharma 2010; Evans 2017). In operations and supply chain
management, five economic performance criteria — cost, quality, speed,
dependability and flexibility (Slack and Lewis, 2015) — are often considered
important. As such, to lift industrial symbiosis, firms need to overcome or avoid
sustainable-economic trade-offs or, most ideally, exploit synergies in sustainable
and economic performance. This chase, often referred to as industrial sustainably,
is discussed in the next paragraphs for each identified challenge in the context of
industrial symbiosis in the process industry.
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Table 2.1. Overview of literature reviews on sustainable supply chain
management. A wide variety of topics is covered, but not the topic of industrial
symbiosis (in the process industry)

Authors

Topic

(Fleischmann et al., 1997)
(Govindan et al., 2014)
(Stindt and Sahamie, 2014)
(Abbasi and Nilsson, 2012)
(Gimenez and Tachizawa
2012,)

(Bekkering et al., 2010)
(Govindan et al., 2015)
(Browne et al., 2005)
(Ashby et al., 2012)

(Srivastava, 2007)

(Carter and Rogers, 2008)
(Seuring and Miiller, 2008b)
(Carter and Liane Easton,
2011)

(Fahimnia et al., 2015)
(Reefke and Sundaram, 2017)

(Oliveira et al., 2018)

(Sarkis et al., 2011)
(Ntabe et al., 2015)

(llgin and Gupta, 2010)

(Pan et al., 2014)

(Linetal., 2014)

(Morgan and Gagnon, 2013)
(Qaiser et al., 2017)

(Chen et al., 2014)
(Eskandarpour et al., 2015)

Quantitative models for reverse logistics.

Reverse logistics and closed-loop supply chains.

Closed-loop supply chain management in the process industry.
Challenges to make the linear supply chain more sustainable.
Extending sustainability to suppliers in the linear supply chain.

Overview of the activities in green (bio) gas supply chains.
Environmental supplier selection criteria.

Life cycle assessments for transport forward supply chains.
Overview of social and environmental practices in the linear supply
chain.

A conceptual framework of sustainable supply chain management
activities.

A conceptual framework of sustainable supply chain management
activities.

A conceptual framework of sustainable supply chain management
activities.

Overview of the progress of research in sustainable supply chain
management.

Overview of the progress of research in sustainable supply chain
management.

Overview of the progress of research in sustainable supply chain
management.

Overview of the progress of research in sustainable supply chain
management.

Theoretical backgrounds for sustainable supply chain management.
Use of the environmental components of the green supply chain
operations reference (GreenSCOR) model.

Environmental product design, closed-loop supply chains,
remanufacturing and disassembly.

Barriers of waste-to-energy supply chains in terms of finance,
technology, institutions and regulation.

Vehicle routing.

Remanufacturing scheduling.

Sustainable logistics

Sustainable manufacturing network design

Sustainable supply chain network design.
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2.2. SUPPLIER SELECTION FOR INDUSTRIAL SYMBIOSIS IN
THE PROCESS INDUSTRY

The next sections present the identified challenges in more detail and, based on
relevant literature, present research questions for each identified challenge.

2.2.1. IDENTIFYING SUITABLE SOURCES OF WASTE AND
BYPRODUCTS

The initial research suggests that process industries involved in industrial symbiosis
may struggle to find suitable sources of waste and byproducts. The struggle arises
at least partly from the cross-industry nature of the studied exchange which leads to
non-transparent markets (Prosman et al., 2017). In fact, industrial symbiosis
typically takes place in a cross-industry nature (Chertow, 2000). The industrial
symbiosis in Aalborg @st, for instance, occurs between the local powerplant, a
cement factory, a boiler producer, the local community and some other firms. Other
case descriptions of industrial symbiosis also show solely cross-industry waste and
byproduct exchanges — see for example the cases of Kwinana and Gladstone in
Australia (van Beers et al., 2007), Rotterdam in The Netherlands (Baas and Boons,
2004), Barceloneta in Puerto Rico (Chertow et al., 2008) and the National Industrial
Symbiosis Programme in the United Kingdom (Mirata, 2004). The cross-industry
nature complicates the ease of finding waste and byproducts which conform with
exacting production requirements as firms who are interested in waste and
byproducts might be unaware of the quality of such products produced by firms in
unrelated industries (Paquin and Howard-Grenville, 2012). This is especially the
case when waste and byproducts are sourced from afar and firms tend to know each
other less (Prosman et al., 2017). Sourcing from afar is an increasing trend in
industrial symbiosis, especially for the waste and byproducts typically used in the
process industry such as ashes, slags, sludges and minerals (Jensen et al., 2011;
Velenturf and Jensen, 2016).

Furthermore, waste and byproduct exchange platforms which contain relevant
information about quality parameters and volume do often not exist. In addition,
whereas third party facilitators such as the National Industrial Symbiosis
Programme in the United Kingdom can bring firms together and thereby facilitate
the sourcing part of industrial symbiosis (Paquin and Howard-Grenville, 2012), such
initiatives are not available in many other countries, as such leaving firms to their
own devices. Therefore, there is a need to support firms in finding suitable waste
and byproducts in different geographical markets.

Case descriptions of waste and byproduct exchanges show that industrial symbiosis
in the process industry is centered around waste and byproducts such as ashes, slags,
sludges, silica fume, (desulfurized) gypsum, ammonium sulfates, ammonium
chloride, caustic soda and minerals (van Beers et al., 2007; Baas and Boons, 2004;
Chertow et al., 2008; Mirata, 2004). The geographical origin of the materials from
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which those waste and byproducts derive may give valuable insights into the quality
of the waste and byproducts. Ores from different parts of the world differ chemically
and affect waste and byproduct quality stemming from the different ores. Likewise,
the quality of fly-ash (a byproduct of coal combustion) is largely determined by the
country of origin of the coal. Fly-ash from Russian coal, for example, has a high
alkali content?, which makes it less useful as an additive for the production of certain
cement types (but does not restrict other uses such as road filling and concrete
structures). Fly-ash from South African coal, on the other hand, has a low alkali
content which opens possibilities for replacing virgin materials in low-alkali cement
production. The slightly different (chemical) compositions affect the usefulness for
the receiving process: small deviations in input can have a large impact in the
process industry (King, 2009). Hence, assuring to source high quality waste and
byproducts can be of utmost importance in the process industry. As such, a method
to derive clues about the country of origin of the product from which the waste and
byproducts derive can help firms to locate suitable waste and byproducts and can
thereby serve as input for selecting a supply market.

Trade data to the rescue?

Naturally, trade data can help in this pursue. Unfortunately, however, tracing the
origin of a product based on trade data can be a complex task due to the high number
of transactions, varying quantities and the existence of trade hubs such as major port
and besides drawing flow diagrams, methods and models to trace the origin of
products is non-existent. Hence, a more systematic approach is needed to support
the decision-making process of selecting a supply market. Therefore, the research
question becomes:

Research question I: how to identify suitable geographical markets for
waste and byproducts?

The solution presented in Chapter 4 builds upon input-output models, an approach
developed by Russian Nobel Prize winner Wassily Leontief. Input-output models
show interdependencies in economies and are typically used to analyze the
economic structure of regions based on material flows between different industries
(Leontief, 1951). As shown in Chapter 4, following trade between economies is a
very similar task.

3 Alkali metals contain lithium (Li), sodium (Na), potassium (K), rubidium (Rb), caesium (Cs) and francium (Fr). In
fly-ash, high concentrations of sodium and potassium can be found. Those elements are unwanted in the cement
chemistry because it increases the risk of ‘concrete cancer’: an expansive pressure which results in cracks in concrete
and loss of strength.
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2.2.2. AN ENVIRONMENTAL PERSPECTIVE ON SELECTING
SUPPLIERS FOR INDUSTRIAL SYMBIOSIS

Literature and the current perception (of politicians and firms) holds that the circular
economy, including industrial symbiosis, has a positive environmental impact
(Geissdoerfer et al.,, 2017). However, research also warns for negative
environmental effects, such as not using the most environmental benign material
recovery option* (Moberg et al., 2005). In fact, industry is often criticized for non-
optimal environmental solutions such as waste incineration or down-cycling of
materials®. Due to their sheer size, process industries often process large amounts of
waste and byproducts and may therefore face major environmental pressures,
especially in the future. Failing to address these pressures can cause serious
reputational damage and, as a result, significant financial loss (Taticchi et al., 2013).
It is therefore important to understand the environmental impact of industrial
symbiosis in the process industry to prepare firms for this increasing environmental
pressure.

However, Wolfenbarger and Phifer (2000) argue that environmental impacts are
often complex and ambiguous. Designing the supply chain in an environmental way
can therefore become a complicated task (Bai and Sarkis, 2010; Matos and Hall,
2007). The complexity and ambiguity asks for simplified but thoughtful supplier
selection criteria (Govindan et al., 2015; Williamson, 2008), especially when one
deals with large amounts as in the process industry. As evident from table 2.2.,
supply chain literature hosts a wide range of supplier selection criteria. However,
environmental supplier selection criteria in the context of industrial symbiosis do
not yet exist.

41n general, in terms of environmental impact, disposal < energy recovery < recycling < reuse < reduction < prevention
(Moberg et al., 2005; Schmidt et al., 2007).

5 Downcycling is when the waste and byproducts are of lower quality or have a lower functionality than the original
material.
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Table 2.2. Environmental supplier selection criteria. Table adopted and
elaborated on from Prosman and Sacchi (2018), based on (Bai and Sarkis, 2010;
Freeman and Chen, 2015; Govindan et al., 2015; Handfield et al., 2002; Lu et al.,

2007; Zhu and Sarkis, 2004; Xing et al., 2016; Tasca et al., 2015).
Supply chain design aspects  Related attributes

Production processes in the Internal recycling at the suppliers; waste water treatment; (solid)
upstream supply chain waste handling; energy consumption; resource consumption; air
pollutants; emission and release of harmful substances.

Product design in the Product design for reuse; recycling and recovering of material;

upstream supply chain green packaging; excess package reduction; toxic and hazardous
components.

Environmental management 1SO 14001; end-of-pipe control; eco-labeling; continuous

systems in the upstream monitoring; regulatory compliance; green process planning; up-to-

supply chain date air; water and pollution permits.

Logistics in the upstream Transport mode; distances (in the supply network); fleet

supply chain efficiency.

Miscellaneous Management commitment; environmental performance of the

supplier’s supplier; staff training on environmental issues; ability
to improve towards more environmental activities; social
responsibility.

An important difference from an environmental perspective between supply chains
in the context of industrial symbiosis is the bounded supply. In industrial symbiosis,
the supply side of the market is determined by the production of the goods from
which the waste and byproducts derive. The amount of fly-ash, for example, is a
given depending on the amount of energy produced through coal combustion. An
increase in demand for fly-ash will, except for some very extreme cases perhaps,
not lead to an increase of coal combustion. In forward supply chains, supply is less
bounded. An increase for a given material can often be met by increased production
or mining. Figure 2.1 illustrates this difference.
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INDUSTRIAL SYMBIOSIS
SUPPLY CHAIN Bounded supply
Supply bounded by the

production of others Waste and User of waste and
byproducts supplier byproducts

FORWARD SUPPLY CHAIN

. Unbounded supply
Virtually unbounded supply

Virgin material User of virgin
supply material
Figure 2.1. Difference between supply chains in the context of industrial symbiosis
and forward supply chains.

The bounded supply of waste and byproducts is an important characteristic in
designing the supply chain. First, sourcing a product with a bounded supply in a
given geographical market might lead to additional transport. As illustrated in figure
2.2, when a firm sources waste and byproducts and thereby creates a shortage on
market I, other firms may import waste from another geographical market to
overcome the shortage, for example by importing from market Il. The additional
demand in market Il might lead to a shortage of waste and byproducts on this market
and waste and byproduct users might import from other geographical markets. This
domino effect will continue until firms decide to use virgin materials in response to
the shortage of waste and byproducts (scenario A in market I11 of figure 2.2) or when
there is sufficient supply of waste and byproducts to match the additional supply
(scenario B in market IV of figure 2.2). In short, sourcing waste and byproducts may
induce additional transport depending on the market situation.
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Additional
demand

SCENARIO A
Other waste and
byproduct users

Created decide to switch

shortage to virgin

Additional materials

demand [
\.
T~ Market Il
\\‘

JUIEESN]  SCENARIO B

Market I Market I1 sufficient amount
of supply to

answer the

additional demand

Demand

Market IV
Figure 2.2. Impact of bounded supply on the supply system of waste and
byproducts. The arrows represent trade and transport between waste and
byproduct markets.

Second, using supply bounded waste and byproducts, avoids the use of the same
waste and byproducts elsewhere. When there is sufficient supply of waste and
byproducts (scenario B in figure 2.2), disposal may be avoided. However, in
scenario A in figure 2.2, firms start to use virgin materials in response to a lack of
waste and byproducts. In terms of environmental impact, disposal < energy
recovery < recycling < reuse < reduction < prevention (Moberg et al., 2005;
Schmidt et al., 2007). Therefore, to have a positive environmental impact, firms
should not take the waste and byproducts from preferred waste treatment activities.
The usage of waste and byproducts in process industries is relatively mature
compared to other industries. Currently, there is a shortage of fly-ash due to the
extensive use in cement, concrete and road filling and the closure of several coal-
fired power stations. Likewise, the availability of waste-based fuels is on the decline
due to increased incineration capacity and increased recycling in many countries
(EuroStat, 2016). As such, process industries are vulnerable to take waste and
byproducts from other firms, thereby not gaining any environmental improvements.

In addition to the above points, the usability of the waste and byproducts may have
an environmental impact. The quality of waste and byproducts may differ from
supplier to supplier. Ashes and slags, for example, may have different chemistries
and waste-based fuels may have different lower heating values and may contain
different amounts of hazardous material and inert content. To deal with those
materials, additional processing may be needed which may have additional
environmental impacts. Moreover, using poor quality waste and byproducts in a
capacity constrained process plant may result in lower production output (Prosman
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et al., 2017). To fulfill the final product demand, either other process plants or
additional production lines must compensate for the lost production. In addition,
when other plants take over the lost production output, additional transport between
the factory and the customer may occur.

The impact of the induced transport, the avoided waste treatment and the usability
of the waste and byproducts is not considered in environmental supplier selection
criteria. Yet, they might have a major environmental impact on the supply chain
level in the context of industrial symbiosis. To prepare process industries who
engage in industrial symbiosis for environmental pressure, the research question is:

Research question Il: which environmental criteria should be considered
when selecting suppliers in the context of industrial symbiosis in the
process industry?

Moreover, as firms might not have economic incentives to optimize the supplier
selection from an environmental point of view, an additional research question
investigates the trade-offs and synergies between the environmental criteria and the
economic criteria:

Research question Il11: what are the trade-offs and synergies between
environmental and economic performance of supplier selection in the
context of industrial symbiosis in the process industry?

2.3. MANAGING SUPPLIER RELATIONSHIPS IN INDUSTRIAL
SYMBIOSIS IN THE PROCESS INDUSTRY

The next sections present literature on managing supplier relationships in relation to
the identified challenges of industrial symbiosis in the process industry.

2.3.1. SETTING UP PARTNERSHIPS IN INDUSTRIAL SYMBIOSIS

Trust has been identified as an important ingredient to set-up buyer-supplier
relationships in industrial symbiosis (Ehrenfeld and Gertler, 1997; Hiete et al., 2012;
Ashton and Bain, 2012). A certain level of trust in the supplier’s ability and integrity
is often needed prior to committing to capital-intensive investments in supplier
relations (Vanpoucke et al. 2014). In the context of industrial symbiosis, (potential)
suppliers might have incentives to misrepresent their ability to get rid of waste and
byproducts (e.g. to reduce landfill taxes or to green their environmental profile)
(Gulati and Gargiulo, 1999). Moreover, (deliberate) supplier defaults such as late
deliveries and poor waste and byproduct quality, may also put the buyer’s
investments at risk (Hendricks and Singhal, 2005). Capable and integer suppliers
are especially important when supplier specific and capital-intensive investments
are at stake (Williamson, 1982).
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Case descriptions of industrial symbiosis in the process industry indicate that firms
invest in supplier specific and capital intensive waste handling equipment and
infrastructure such as pipelines and process changes (Jacobsen, 2006; Zhu et al.,
2007).

Although much has been written on trust in the context of supplier specific and
capital-intensive investments in supplier relationships (see for example Vanpoucke
et al., (2014), and major theories in the field of operations and supply chain
management such as Transaction Cost Economics (Williamson, 1982; Zaheer et al.,
1998; Nooteboom et al., 1997; Ghoshal and Moran, 1996) and Social Capital Theory
(Sako, 1992; Nahapiet and Ghoshal, 1998; Krishnan et al., 2006)¢ have emerged, the
role of trust in the context of industrial symbiosis remains unclear. In fact, the
context of industrial symbiosis in the process industry has some very specific
implications on trust in supplier specific capital-intensive investments. The next
section elaborates on this.

Trust in investments in the context of industrial symbiosis

There are two main reasons why the context for trust development in industrial
symbiosis differs from the contexts dealt with so far in operations and supply chain
management: the cross-industry nature and upfront investments.

First, the cross-industry nature, as discussed in section 2.2.1., may lead to
unfamiliarity with the other’s business and may, in turn, reduce a firm’s insights into
the other’s integrity and ability (Brinkhoff et al., 2015; Kwon and Suh, 2004; Kwon
and Suh, 2005). Second, upfront investments drastically change the way in which
trust develops. In contrast with investments in ‘normal’ buyer-supplier relationships,
industrial symbiosis often requires investments before the first delivery can be made.
For example, new pipelines need to be in place to transport waste and byproducts
and processes must be altered to allow the use of waste and byproducts instead of
virgin materials. However, literature on trust holds that trust develops gradually
through repeated transactions with the supplier and the embarkment on small joint
projects (Dwyer et al., 1987; Gulati, 1995; Li et al., 2008; Ring and van de Ven,
1994; Jap and Anderson, 2007) — a condition which does not apply to initial and
upfront industrial symbiosis investments. Although Dwyer et al. (1987) argues that
trust can develop quickly, the cases presented in the multiple case study by
Vanpoucke et al. (2014) needed between 3 and 15 years of exchanges before the
first supplier specific capital-intensive investments were made and another 3 to 10
years before major investments were made.

Since the need for upfront investments complicates the possibility to build up trust
based on previous transactions and small joint projects and since the cross-industry

6 Shortly, Transaction Cost Economics argues that well-justified trust acts as a safeguard against opportunistic behavior.
Social Capital Theory holds that trust acts as a relational lubricant.
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nature further complicates the development of trust due to limited knowledge about
the potential industrial symbiosis partner, the research question is:

Research question 1V: how to develop trust in the context of industrial
symbiosis in the process industry (where firms come from different
industries and have to make upfront capital-intensive supplier specific
investments)?

2.3.2. SHAPING THE SUPPLIER INTEGRATION TO IMPROVE WASTE
AND BYPRODUCT QUALITY

As mentioned above, the initial research suggests that supplier integration aimed at
improving the quality of waste and byproducts in the context of industrial symbiosis
in the process industry does not always bear fruit (Prosman et al., 2017).

Supply chain literature often recommends manufacturing firms to support supplier
integration with internal integration (Schoenherr and Swink, 2012; Zhao et al., 2011,
Das et al., 2006). Following this recommendation, knowledge about waste and
byproduct quality requirements travels internally in the buyer’s firm from the
manufacturing departments to their purchasing functions. The purchasing functions
exchange the knowledge with the supplier’s sales functions via supplier integration.
The supplier’s sales department subsequently passes the knowledge about waste and
byproduct quality on towards their operations departments (Das et al. 2006).
However, although the initial study suggests that this format of supplier integration
can lead to improved waste and byproduct quality, the initial study also shows that
purchasing and sourcing managers struggle to get waste and byproducts which
adhere with high quality standards even when they are supported through internal
integration (Prosman et al. 2017).

This is surprising as supply chain literature widely acknowledges that supplier
integration (combined with internal integration) leads to improved performance
(Tan, 2001; Frohlich and Westbrook, 2001; Schoenherr and Swink, 2012).
However, the context of industrial symbiosis in the process industry may require
different forms of supplier integration due to potentially high internal manufacturing
complexity — i.e. ‘the level of detail and dynamic complexity found within the
manufacturing facility’s products, processing, and planning and control systems’
(Bozarth et al., 2009, p. 80).

Internal manufacturing complexity in the process industry might arise from various
sources. First, since processes are often interlinked with zero or only limited
intermediate storage, it is often difficult to measure at what part of the process
quality issues occur (King, 2009). Second, quality and production issues are often
transient due to random variation in for example temperature, pressure, throughput
rate and other process parameters at each interlinked process step (Van Donk and
Van Dam, 1996; King, 2009). As a result, production output and quality can be poor,
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while, at the end of the day, the root cause remains vague and may consist of a mix
or combination of several interrelated causes. The process industry is, therefore,
characterized by high internal manufacturing complexity (King, 2009). Figure 2.3
illustrates the high internal manufacturing complexity in the process industry by
means of an example.

PROCESS 1 msssssmm) PROCESS 2 n———) PR OCESS 3

Para- s?or | Measure- Para- s? or | Measure- Para- | s? or | Measure-
meter c? ment meter o’ ment meter | o? ment

reliability reliability reliability
Temp. Low | High Flavor Med. | Low Flavor | Med. | Low
Liquid Med. | High pH value | Low | High Visco- | Low | Med.
velocity sity
Flavor Med. | Low Temp. Low | High

Emission | High | Low

Figure 2.3. Example of high internal manufacturing complexity due to
measurement issues in interlinked processes without intermediate storage. Some of
the measures might only be taken at the end of the process.

Measuring the impact of waste and byproducts on final product quality and
production efficiency becomes a complex task due to the high internal
manufacturing complexity. Waste and byproducts are often of lower quality than the
(virgin) materials they substitute. For example, waste-based alternative fuels may
have a lower heating value than fossil fuels and recovered fibers may be weaker than
virgin fibers. To enable a supplier to align the quality of the waste and byproducts
with the production requirements of the buyer, the supplier benefits from a high
understanding of the buyer’s processes and products (Bozarth et al., 2009; Setia and
Patel, 2013; Zahra and George, 2002). It is therefore important to exchange relevant
information through supplier integration activities (Zahra and George, 2002) such
as Electronic Data Interchange (EDI) systems, supplier visits and performance
evaluations. Previous research shows how the construct of absorptive capacity can
offer guidance on shaping effective knowledge exchanges with suppliers — see for
example Minbaeva et al. (2003), Lane and Lubatkin (1998) and Nagati and
Rebolledo (2012). The next paragraph briefly introduces the construct of absorptive
capacity before relating it to industrial symbiosis in the process industry.

Absorptive capacity and the link with industrial symbiosis in the
process industry

Absorptive capacity refers to the ability of firms to ‘recognize the value of new,
external information, assimilate it, and apply it to commercial ends’ (Cohen and
Levinthal, 1990, p. 129). Zahra and George (2002) identify four complementary
dimensions of absorptive capacity. Potential absorptive capacity refers to
knowledge creation through acquiring and assimilating relevant knowledge.

32




CHAPTER 2. THEORETICAL FOUNDATION

Realized absorptive capacity utilizes the created knowledge through transforming
and exploiting the knowledge. Figure 2.4 relates the four dimensions of absorptive
capacity to the supplier’s capability of improving the quality of waste and
byproducts. For a more detailed discussion on absorptive capacity, see Cohen and
Levinthal (1990), Zahra and George (2002), Lane and Lubatkin (1998) and Dyer
and Singh (1998) or see the theory section of paper II.

~ ACQUISITION
The capacity of the supplier to identify and
POTENTIAL gather relevant knowledge needed to improve waste and
ABSORPTIVE byproduct quality.
CAPACITY _
Creating knowledge about
waste and byproduct ASSIMILATION
quality The capacity of the supplier to internalize and
__ comprehend the acquired knowledge.
ol TRANSFORMATION
The capacity of the supplier to combine
existing knowledge with the newly acquired and assimilated
REALIZED knowledge to identify how they can improve waste and
ABSORPTIVE bypl’OdUCt quality.

CAPACITY —
Utilizing knowledge to
improve waste and
byproduct quality

EXPLOITATION
The capacity of the supplier to leverage their
existing competencies and to create new competencies to
exploit the recognized opportunities to improve waste and
_ byproduct quality.
Figure 2.4. The four complementary dimensions of absorptive capacity.

To improve the quality of waste and byproducts for their use in the process industry,
firms must deal with high internal manufacturing which restricts the supplier’s
absorptive capacity. First, at the buyer’s side, high internal manufacturing
complexity may create ambiguity about what waste and byproduct quality entails.
When introducing new material such as waste and byproducts to a production
system designed for other (virgin) materials, the impact of those new materials needs
to be understood to avoid production loses or quality issues. High internal
manufacturing complexity makes it more difficult to understand the impact of the
new material on the original output and on the efficiency of the process. Moreover,
as production systems may have been running with the same material for years, the
impact of the now replaced materials is better understood than the impact of the new
materials. Hence, when changing to new materials, the supplier integration which
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was used for the now replaced materials may result in unclear or incorrect
knowledge transmitted to the supplier, as such hampering the first dimension of
absorptive capacity: acquisition. Second, from the supplier’s side, high internal
manufacturing complexity may lead to an insufficient understanding of how waste
and byproducts are used by the buyer and how waste and byproducts affect the
buyer’s performance. The supplier may, therefore, fail to understand the exchanged
information or fail to request relevant information, as such incumbering the first two
dimensions of potential absorptive capacity.

Fortunately, however, what is perceived as complex by one person may be perceived
as less complex by another person (Manuj & Sahin 2011; Campbell 1988; Robinson
& Swink 1994; Swink & Robinson Jr 1997). When high internal manufacturing
complexity hampers industrial symbiosis in the process industry, firms may benefit
from involving persons who consider the complexity as low into the supplier
integration. This idea is illustrated in figure 2.5.

WASTE AND BYPRODUCT SUPPLIER
The involved
individuals don’t
understand the impact

The involved
individuals understand
the impact of waste and
byproducts on the
production system

of waste and byproducts
on the production
system

The involved individuals

understand the impact of

waste and byproducts on
the production system

Supplier integration
enables suppliers to
improve waste and

Supplier integration
does not enable the
supplier to improve
waste and byproduct

WASTE AND byproduct quality .
quality
BYPRODUCT A . . N . )
USER The involved individuals Supplier integration Supplier integration

don’t understand the

impact of waste and
byproducts on the
production system

does not enable the
supplier to improve
waste and byproduct

quality

does not enable the

supplier to improve

waste and byproduct
quality

Figure 2.5. Organizing supplier integration in the context of industrial symbiosis

in the process industry.

Based on the above insights and motivated by the large untapped potential for
increasing waste and byproduct quality through supplier integration, the following
research question needs to be further explored:

Research question V: how to organize supplier integration in the context
of industrial symbiosis in the process industry?
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In line with the above discussion on internal manufacturing complexity and
absorptive capacity, in gaining insights into the research question, special attention
goes towards the involvement of individuals in the supplier integration.

2.4. OVERVIEW

The above paragraphs present five research questions which will be addressed to
answer the overall aim of this dissertation:

To understand the structural supply chain foundations and to develop supply chain
capabilities in the context of industrial symbiosis in the process industry

As illustrated in table 2.3, the individual research questions can be divided based on
the overarching themes of 1) supplier selection and 2) managing supplier
relationships. Moreover, table 2.3 shows the important contextual variables and
structural supply chain foundations of industrial symbiosis in the process industry
for each research question.

Table 2.3. Overview of research questions and the relation to the context of
industrial symbiosis in the process industry.

Theme Research question Contextual factors (structural supply
chain foundations)
Supplier RQ I: How to identify suitable - Usability of the waste and byproducts
selection geographical markets for waste and - Lack of transparency in the upstream
byproducts? supply chain
RQ I1: Which environmental criteria - Bounded supply
should be considered when selecting - Usability of the waste and byproducts

suppliers in the context of industrial
symbiosis in the process industry?

RQ I1I: What are the trade-offs and - Bounded supply

synergies between environmental and - Usability of the waste and byproducts
economic performance of supplier

selection in the context of industrial

symbiosis in the process industry?

Managing RQ IV: How to develop trust in the - Upfront capital-intensive investments
supplier context of industrial symbiosis in the - Cross-industry nature
relationships ~ process industry?

RQ V: How to organize supplier - Internal manufacturing complexity
integration in the context of industrial - Usability of the waste and byproducts
symbiosis in the process industry? - Cross industry nature

However, many supply chain capabilities remain unaddressed, for example
logistical strategies, determining stock-levels and supply chain resilience and
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robustness. However, based on the initial study (Prosman et al. 2017) as well as
experiences with student projects towards those topics in real-life situations, these
topics are (less / not) influenced by the context of industrial symbiosis in the process
industry and the existing supply chain literature already provides sufficient
knowledge to address those topics.
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To contribute to the overall objective of this dissertation — the understanding of the
structural supply chain foundations and the development of supply chain capabilities
for industrial symbiosis in the process industry — matters regarding knowledge
creation and research design need to be addressed. Multiple research methods are
deployed throughout the research project. A major distinction in the research methods
comes from the two types of capabilities developed and used in this dissertation,
namely:

- Modelling capabilities (for supplier selection)
- Organizational capabilities (for managing supplier relationships)

The following sections elaborate on this. First, the research philosophy taken in this
research will be discussed. From there, this chapter moves on to describe the research
methods.

3.1. RESEARCH PHILOSOPHY

Beliefs about how truth can be discovered and how the world works affects the choice
of the adopted research methodology. In the broadest sense, two dichotomous
positions exist: the positivistic position and the interpretative or hermeneutic position
(from the Greek word for interpreter: hermeneus).

Loosely put, the positivistic position advocates that observations are context-free and
that logical, statistical and mathematical treatment of observations can lead to new
knowledge (Hollis, 1994). The interpretative position, on the other hand, holds that
actions and phenomena are socially constructed and are impacted by the context in
which the action and phenomena takes place. In line with this, the interpretative stance
argues that the world cannot be explained by building upon mere observations, as the
positivistic view proclaims, but has to be understood from within. Hence, instead of
seeking the causes of behavior (e.g. explaining why things happen), meaning of action
has to be sought (e.g. understanding why things happen). Hence, the interpretative
position offers a drastically different view on how knowledge should be developed.

In this research, the author believes that, between the positivistic and the interpretative
position, the positivistic position arguably claims the last word. Neuroscience, for
example, points towards how human decisions and emotions can be explained by
chemical reactions happening in the brain based on algorithms (Wunderlich et al.,
2009). These insights hint toward a deterministic (causal) system in which all human
behavior boils down into a series of observable and context-free chemical reactions.
By observing these chemical reactions through a positivistic methodology, one can
explain why stuff happens: i.e. why humans and firms behave in a certain way. So,
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theoretically (and science fictionally) speaking, it seems that positivistic research
renders interpretative research irrelevant.

However, at the moment of writing, humanity is far from explaining all human
behavior, and therefore from explaining firm behavior, by means of (god-like)
positivistic research methods. Interpretative research methods, therefore, still have
their merits and can yield acceptable causal propositions when positivistic methods
fall short; for example, when developing theory about organizational supply chain
capabilities which deal with human and firm behavior. The positivistic position, on
the other hand, has an obvious link with natural sciences such as physics and
chemistry, and has also a lot to offer to mathematics (Hollis, 1994). Hence, positivistic
methods can contribute to developing supply chain modelling capabilities (Croom,
2009).

The next sections elaborate on how both positions provide a valuable starting point to
address the different sub-questions of this research by linking the positivistic position
with the development of modelling capabilities (section 3.1.1.) and linking the
interpretative position with the development of organizational capabilities (section
3.1.2.). Inaddition, section 3.1.3. reflects on how the ontological belief of the research
affects the research design.

3.1.1. THE POSITIVISTIC POSITION AND MODELLING CAPABILITIES

The development of modelling capabilities in this research solely relies on context-
free observations. Examples of such context-free observations in this study are
production capacity (e.g. tons of clinker per hour), energy usage (e.g. kilowatt hour or
gigajoules usage), material flows (e.g. tons of waste shipped) and costs (e.g. material
prices and production costs).

The Methodology of Positive Economics of Milton Friedman argues that the task of
positive research is to:

“provide a system of generalizations that can be used to make correct
predictions about the consequences of any change in circumstances.”
(Friedman, 1953, p. 4).

The strength of this research therefore depends on the predictive power (judged by
comparing predictions with observations) for the phenomena which it intends to
explain. The strength or the research does, therefore, not depend on how realistic the
assumptions are (Friedman, 1953). This is why, for instance, perfect competition
models are still used despite the notion that markets do not consist of perfectly
informed and rational buyers and sellers and that products are often not identical.
Perfect competition models are used simply because they often outperform the models
which rely on more realistic assumptions, i.e. imperfect competition models. Hence,
the aim of the developed models in this research is to make accurate predictions, at
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least to an extend which provides firms with useful insights, rather than basing the
models on the most realistic assumptions.

3.1.2. THE INTERPRETATIVE POSITION AND ORGANIZATIONAL
CAPABILITIES

When the world we investigate is unlike the natural world, causal explanation may
have to make way for a more interpretative understanding. The German philosopher
Wilhelm Dilthey wrote that human life can only be understood through understanding
the meaning, where meaning holds aspects such as ‘purpose’, ‘value’, ‘development’
and ‘ideal’ (Dilthey, 1985). Likewise, Weber, in his book Economy and Society, takes
the starting point that humans attach subjective meaning such as emotions, ideas and
value propositions to their actions (Weber, 1922). For example, humans might act in
a certain way because they expect it to lead to the most effective outcome (e.g.
Expected Utility Theory) or because they pursue something so valuable that it
overrules all costs and consequences (e.g. self-sacrifice and sheer heroism). As
evident from the usefulness of the aforementioned theory, even when one endorses
the ideals of positivistic research, acknowledging the merits of interpretative research
methods makes a strong case for adopting interpretative research methods when
positivistic methods are unattainable.

One area in which positivistic research is often unattainable is the ‘soft” organizational
issues of supply chain management research since it is difficult to separate the context
from what is happening (Halldérsson and Aastrup, 2003; Coughlan et al., 2016). In
the context of this research, the ‘soft” organizational issues include amongst other
things aspects such as trust, (perceived) complexity and absorptive capacity. In line
with this, interpretative methods are employed to develop knowledge about ‘soft’
organizational supply chain capabilities for industrial symbiosis in the process
industry. Table 3.1 provides an overview of the philosophical position for each sub-
research question.
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Table 3.1. Philosophical position for each sub-research question.

Supply chain Research question Type of Philosophical
level capability position
All (initial What are the firm-level challenges of N/A Interpretative
study) industrial symbiosis in the process industry?
Supplier RQ I: How to identify suitable geographical Modelling Positivistic
selection markets for waste and byproducts?

RQ I1: Which environmental criteria should Modelling Positivistic

be considered when selecting suppliers in the
context of industrial symbiosis in the process
industry?

RQ I1I: What are the trade-offs and synergies ~ Modelling Positivistic
between environmental and economic

performance of supplier selection in the

context of industrial symbiosis in the process

industry?
Managing RQ IV: How to develop trust in the context of ~ Organizational  Interpretative
supplier industrial symbiosis in the process industry?

relationships . L . . .
RQ V: How to organize supplier integration Organizational  Interpretative

in the context of industrial symbiosis in the
process industry?

3.1.3. ONTOLOGY

Despite the differences in the positivistic and the interpretative positions, the
methodology has some similarities. The similarities arise from naturalistic ontological
belief which has been implicitly expressed in the above sections: a ‘top-down’
philosophical belief that “everything arises from natural properties and causes”
(Oxford English Dictionary). This naturalistic belief opposes the ontological belief
that humans and firms, based on their emotions, values, laws of mind and character-
formation, are the foundation which explains how humans, firms and society at large
behaves. Wittgenstein exemplifies how one can understand or explain actions from a
naturalistic point of view with his famous analogy on chess in Philosophical
Investigations (Wittgenstein, 1953). The rules of chess determine the purpose of the
moves; playing Q-H5 may in the mind of the player be the most effective move to
reach the purpose of the game as outlined in the clauses: checkmate. By understanding
the rules of chess, one can understand the meaning behind the moves. The same goes
for supply chain capabilities. By understanding the ‘rules of the game’ such as the
emotions, ideas and value propositions, one can understand the behavior of humans,
firms and supply chains. This is in line with Handfield and Melnyk (1998) and Van
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de Ven (1989), who argue that theories are the cornerstone of knowledge creation in
operations and supply chain management. Hence, the supply chain capabilities
presented in this research build on theories which intent to describe the rules of the
game, thereby aiming to provide good theory which “advances knowledge in a
scientific discipline, guides research toward crucial questions, and enlightens the
profession of management” (Van de Ven, 1989: p. 486).

Note, however, that the analogy of the chess game can be misleading: the chess
analogy suggests that life is bounded to complete and consistent rules which cover all
eventualities. Yet, one might play badly on purpose against a beginner or against an
easily offended dictator of a banana republic. Hence, in search for understanding
supply chains in industrial symbiosis in the process industry and in developing supply
chain capabilities to manage such supply chains, extraneous factors should be
considered. This is in line with current thinking in supply chain management, where
it is argued that no single supply chain capability is optimal in all situations, but that
a contingency view is needed (Flynn et al., 2010).

Although much can be said for other ontologies than the naturalistic ones and no clear
answer has been reached (Hollis, 1994), this dissertation adopts a naturalistic belief.
The positivistic, interpretative and naturalistic beliefs together guide the way in which
knowledge is build.

3.2. BUILDING KNOWLEDGE

In the attempt to build new knowledge — i.e. supply chain management capabilities
for industrial symbiosis in the process industry — the research follows Popper’s four-
stage model (Popper, 1999):

The problem

The attempted solutions
The elimination

The new problems

PwbdPE

According to Popper, problems steer perception: what one sees depends on what one
tries to find. For example, how someone studies a watch depends on what the problem
is. Whether the problem is to find out what time it is or of what materials the watch is
made of, makes a large difference in how to study the watch. Science therefore starts
with problems, not with plain observations (Popper, 1999). Likewise, this research as
well as the research design is guided by the studied problems. The second stage
consists of attempted solutions that solve the problems. It is important to note that the
solutions presented in this dissertation are not the only solutions, since one cannot
prove this. The elimination of solutions is the third and final stage. Elimination aims
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to only keep the most effective and efficient solutions’. The following paragraphs use
the first three steps of Popper’s four-stage model to elaborate on how knowledge was
created during this research. The fourth step, the new problems, are discussed in
chapter 4: Results and discussion.

3.2.1. THE PROBLEM

The problems studied in this dissertation are highly affected by the industrial character
of this research. The Manufacturing Academy of Denmark (MADE) financed the
research through sponsorships by Aalborg Portland A/S. The research context was
therefore largely predetermined: sustainable supply chains at Aalborg Portland A/S.
A major advantage of the industrial character is that it helps to build the research on
existing and practical problems — an important point to conduct relevant research in
the field of operations and supply chain management (Coughlan et al., 2016). The
starting point for the research questions was a mix of:

1. Relevance of the project for Aalborg Portland A/S. The research
questions refer to lacking supply chain capabilities at Aalborg Portland A/S
to improve their industrial symbiosis activities.

2. Practicality of the research outcomes. The research outcomes need to be
implementable at Aalborg Portland A/S. In fact, while the implementation of
the research outcomes was not part of the research (no action research was
conducted), the implementation led to additional insights afterwards.
Although not covered in the appended papers, this dissertation will reflect on
these insights in chapter 4: Results and discussion.

3. Academic relevance. The research should address relevant research gaps in
the field of supply chain management and industrial symbiosis and
contribute to answering the overall research question. The academic
relevance is discussed in chapter 2: Theoretical foundation.

In order to provide a complete understanding of the industrial problems at Aalborg
Portland A/S, the next paragraphs present a detailed case description followed by a
summary of the industrial problems.

Case description

Aalborg Portland A/S is a global cement producer with an annual production of
1,525,000 tons of grey cement and 705,000 ton of white cement at their production
site in Aalborg, Denmark (Aalborg Portland, 2017). Due to environmental pressure
and pursued cost reductions, Aalborg Portland A/S uses large quantities of the
following waste and byproducts to produce (especially grey) cement:

7 Popper exemplifies the second and the third stage by means of an example of a dog which attempts different solutions to
get food from his owner. Multiple solutions such as looking sad, barking or standing in front of the food tray might work.
However, some attempted solutions by the dog can be eliminated, for example the dog peeing in the corner might not give
him the food. Furthermore, of the working solutions, some solutions might work better than others (Popper, 1999).
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1. Sand from dredging. To maintain the navigational waters at Hals Barre and
the Limfjord, sand pumped up by sand dredgers replaces sand which
otherwise comes from quarries and the Kattegat.

2. Desulphurized gypsum. Gypsum from flue gas desulphurization at
Nordjyllandsverket, the local power station, is used as an additive to cement
and replaces natural gypsum and anhydrite.

3. Fly-ash. Fly-ash from coal-fired power stations replaces aluminum sources
such as natural clay or bauxite.

4. Salt slag. Salt slag (also known as oxiton) is a byproduct from aluminum
production. Salt slag has the same function as fly-ash but requires different
processing.

5. Iron oxide. Iron oxide (also known as pyrite ash) from the production of
sulphuric acid provides a source of iron to produce grey cement.

6. Alternative fuel. Alternative fuel is an umbrella term for fuel which
substitutes coal and petroleum coke. The alternative fuel consists mainly of
the non-recyclable residue fractions of the waste recycling process but also
includes meat-and-bone meal.

From the very start of the research project, the project focuses on alternative fuel and,
to a lesser extent, on fly-ash. With approximately 235,000 tons of fly-ash and around
140,000 tons of alternative fuel, those two waste and byproducts account for the vast
majority of the waste and byproducts used by Aalborg Portland A/S. Moreover,
similar materials are also used in other industries such as the heavy energy industry
(alternative fuel) and concrete and road construction (fly-ash), thereby rendering those
materials particularly relevant.

The industrial problems with academic relevance

An initial study during the first six months at Aalborg Portland A/S, published in the
Journal of Industrial Ecology, revealed two challenges in the alternative fuel supply
chain (Prosman et al. 2017). First, the suppliers of Aalborg Portland A/S struggle to
improve the poor quality of the waste and byproducts and Aalborg Portland A/S
struggles to support the suppliers in their efforts to improve the waste and byproduct
quality. Second, Aalborg Portland A/S struggles to find suitable suppliers as waste
markets are non-transparent and platforms with detailed information on waste and
byproduct quality and availability do not exist. Hence, the first two research problems
deriving from the study in the Journal of Industrial Ecology are:

1. How to identify suitable sources of waste and byproducts?
a. Answered through RQ |

2. How to integrate suppliers to improve waste and byproduct quality?
a. Answered through RQ V

Furthermore, Aalborg Portland A/S imports large amounts of waste and byproducts
from countries such as Sweden, the United Kingdom, Finland, Germany, Belgium and
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Italy. Due to the sheer environmental impact and due to the always luring
environmental criticism, Aalborg Portland A/S aims to pro-actively act on the
environmental impact of their industrial symbiotic activities, preferably in an
economically viable way. The fourth and fifth research problems therefore are:

3. How to set-up industrial symbiosis from an environmental perspective.
a. Answered through RQ II
4. How to benefit from the synergies of environmental and economic
performance?
a. Answered through RQ I1I

Finally, during the course of the research project, a final research problem emerged.
Aalborg Portland A/S was involved in many new potential industrial symbiosis
projects. Yet, many of the potential projects never saw daylight due to investments
requirements. Hence the third problem addressed in this research is:

5. How to set up partnerships in industrial symbiosis?
a. Answered through RQ IV

3.2.2. ATTEMPTED SOLUTIONS - THE APPLIED RESEARCH METHODS

To find solutions for the above problems, three types of methods were employed. The
next paragraphs justify the applied research method for each research question.

Case study
The case study approach is adopted to answer the following questions:

- Initial study: What are the supply chain challenges of industrial symbiosis?
- RQ V: How to organize supplier integration in the context of industrial
symbiosis in the process industry?

The impact of industrial symbiosis on supply chain management in general and on
supplier collaboration in specific was not fully understood prior to the research. A
case study design allows to gain a holistic and in-depth understanding of important
variables and about the “how’s” and the “why’s” of the interaction between the
variables (Eisenhardt, 1989; Eisenhardt and Graebner, 2007; Yin, 2013; Voss et al.,
2002). In addition, high internal manufacturing complexity® played an important role
in obtaining insights on how to collaborate with suppliers to improve waste and
byproduct quality due to the complex impact of waste and byproducts on the
production system. The case study design helped to understand the complexity of the

8 Internal manufacturing complexity is defined as ‘the level of detail and dynamic complexity found within the
manufacturing facility’s products, processing and planning and control systems’ (Bozarth et al., 2009, p. 80).
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research context (Stuart et al., 2002). For a more detailed account of the case study
protocol, see appended papers | and V.

Models
Models are developed and used to support decision making with regards the following
research questions:

- RQ I: How to identify suitable geographical markets for waste and
byproducts?

- RQ II: Which environmental criteria should be considered when selecting
suppliers in the context of industrial symbiosis in the process industry?

- RQ Ill: What are the trade-offs and synergies between environmental and
economic performance of supplier selection in the context of industrial
symbiosis in the process industry?

Mathematical models provide a useful instrument to predict and understand the
behavior of complex systems under a range of conditions (Bertrand and Fransoo,
2002). In relation to research question I, the geographical origin of the product from
which the waste and byproduct derives often provides a useful indicator of the waste
and byproduct quality. For example, in the case of Aalborg Portland A/S, fly-ash
quality depends on the origin of the coal; South African coal gives very different fly-
ash than Russian coal. Likewise, for alternative fuels, the quality of the fuel depends
on the input for recycling and the recycling process itself. Id est, do unwanted
materials such as chloride or heavy metal containing materials enter the recycling
process and is the recycling process capable of separating those unwanted materials?
Those factors vary largely between countries based on factors such as the present
industries, waste separation at the source and the capability of the recycling firms
(often determined by landfill and other environmental taxes) in a country. Hence,
developing a mathematical model which traces the origin of materials based on trade
data may prove a useful instrument for firms to obtain clues about waste and
byproduct quality in different markets. The mathematical model therefore contributes
to how to identify suitable sources of waste and byproducts. For details on the model
development, see paper 11 in the appendix.

Furthermore, in relation to research question Il a mathematical model known as
consequential life cycle assessment was employed as a predictive instrument to
understand the environmental impact of different industrial symbiotic supply chain
setups. Environmental impacts in supply chains are often complex to predict and to
understand and decisions such as supplier selection may lead to several (unexpected)
environmental impacts. A consequential life cycle assessment is a comprehensive
mathematical instrument to predict and quantify the environmental impact in supply
chains (Matos and Hall, 2007). Hence, the lessons learned from the consequential life
cycle assessment contribute to how to set-up industrial symbiosis from an
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environmental perspective. For details on the use of the life cycle assessment, please
see paper 111 in the appendix.

Finally, research question 1l builds upon the life cycle assessment used to answer
research question Il. The life cycle assessment is complimented with an economic
assessment. For details on the use of the life cycle assessment and the economic
assessment, please see paper 1V in the appendix.

Conceptual framework based on existing literature
A conceptual study is used to shine light on the following research question:

- RQ IV: How to develop trust in the context of industrial symbiosis in the
process industry?

Much has been written already in literature about how trust develops and how firms
can create trust in buyer-supplier relationships. By applying and interpreting the
literature on trust to the context of industrial symbiosis (based on academic case
descriptions of industrial symbiosis in the process industry), a solid understanding can
be built on how firms can develop trust prior to the investments. Combining and
integrating different fields of research such as literature on industrial symbiosis and
management literature on trust, is an important and relevant method to advance
knowledge which has been widely used in other literature streams — e.g. Seuring and
Miller (2008b), Herczeg et al. (2018), Angell and Klassen (1999) and Boons et al.
(2011). For a more detailed account on the research procedure, see paper V in the
appendix.

3.3.3. ELIMINATION

An important element of theory and science is falsification, refutability or testability
(Popper, 1935). For this, the developed knowledge should contain elements which are
potentially possible to prove false. As such, the papers provide testable propositions
and clearly measurable constructs.

3.3. DATA COLLECTION

The applied research methods relied on various data sources and often combined
guantitative and qualitative data to provide rich insights and to achieve data
triangulation (Jick, 1979; Mintzberg, 1979; Yin, 2013). Figure 4.1 provides an
overview of the data sources used for the different research methods and research
questions. Note, the data collected for the theoretical and conceptual study (research
question 1V) serves as a sanity check of the developed propositions and the proposed
theoretical framework.
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RESEARCH

Initial study:
What are the supply chain
challenges in industrial
symbiosis?

RQI:

How to identify
suitable geographical
markets for waste and

byproducts?

RQ II:

Which environmental criteria
should be considered when
selecting suppliers in the
context of industrial
symbiosis in the process
industry?

RQ IlI:

What are the trade-offs and
synergies between
environmental and economic
performance of supplier
selection in the context of
industrial symbiosis in the
process industry?

RQ IV:

How to develop trust in the
context of industrial
symbiosis in the process
industry?

RQ V:

How to organize supplier
integration in the context of
industrial symbiosis in the
process industry?

COLLECTED DATA

Aalborg Portland A/S
Facility manager
Category manager
Supply chain manager
Purchaser (2x)
Operators (5x)
Project leader production
Plant manager
Alternative fuel supervisor
Strategic sourcing manager
Operational excellence manager
Production manager (2x)
Environmental researcher
Environmental engineer
Environmental manager
Laboratory manager

Datasets
Country level trade data on coal for
2015 from UN Comtrade
Production data: minute-by-minute
data sets on the period 2013 to 2017
Production data: log files on
production stops for the period 2013
to 2017
Country level trade data for
municipal solid waste for 2015 from
EuroStat
Environmental inventory data
(Ecolnvent 3.2)

Other quantitative data
Alternative fuel supplier audits
Corporate presentations
Supplier communication history
Aalborg Portland A/S’ ERP system
Laboratory analyses of alternative
fuel
Transportation and handling data
Cost data (handling and production)
Alternative fuel delivery schedules

Indirect industrial symbiosis partners

Aalborg Municipality
Aalborg Energy Concern

Alternative fuel supplier
CEO
Operations manager (2x)
Facility manager
Purchaser

Figure 3.1. Data sources used for the thesis.
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Besides this, during the entire research project, the researcher spent two to three days
per week at Aalborg Portland A/S. Time was mainly spent in the supply chain
department where meetings regarding alternative fuel and fly-ash were frequently
attended. Moreover, the researcher participated in countless (coffee) meetings and
discussions with basically everyone in the organization to discuss day-to-day issues
related (but often not related at all) to the use of waste and byproducts. Furthermore,
the researcher spent several days at the control room and the plant to understand the
production process and how waste and byproducts affect the production process. In
addition, meetings at the laboratory (including conducting quality tests on samples of
alternative fuel by the researcher himself) and the research and quality center of
Aalborg Portland A/S further cemented the understanding of the cement making
process. Finally, several suppliers of alternative fuel where visited during the research
project, both for data collection as well as for the implementation of the research
findings. Collecting all this surface data allowed the researcher to become ultimately
familiar with the cement making process and the context of every research question.

3.4. RESEARCH QUALITY

Several methods where deployed to ensure research quality. Peer-debriefing of data
collection, data analysis and results with fellow researchers and employees of Aalborg
Portland A/S added to the internal validity and the construct validity of the study. To
increase external validity and generalizability, the research builds upon general
characteristics, such as Aalborg Portland A/S being a process industry (in this
dissertation) or that waste and byproducts are bounded in supply (e.g. paper 111 and
1V). In addition, data triangulation and the use of NVivo and R for the data analysis
increased the reliability and construct validity of the research presented in this
dissertation (Yin, 2013). The methodology sections of the individual papers provide
more detailed information on how the research quality is ensured.
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CHAPTER 4. RESULTS AND
DISCUSSION

This chapter presents and discusses the findings of each research question in the same
order as in the theoretical foundation — see figure 4.1. Each sub chapter is structured
as follows: 1) research context, 2) summary of the findings of the related papers, 3)
additional findings and reflections which are not presented in the related papers such
as lessons from the implementation and 4) theoretical implications. The aim of the
research context is to provide an understanding of the usefulness of the findings as
well as to provide insights into the problem which this research tries to solve. The
additional findings and reflections provide insights in the usefulness of the solutions
and, sometimes, provide new research avenues — thereby discussing the fourth step of
Popper’s four-stage model: the new problems (Popper, 1999).

4.2. An environmental 4.4. Shaping the
4.1. Identifying perspective on 4.3. Setting up supplier integration to
suitable sources of selecting suppliers for | partnerships in improve waste and
waste and byproducts industrial symbiosis industrial symbiosis byproduct quality
Supplier selection Managing supplier relationships

Figure 4.1. Layout of this chapter.

4.1. IDENTIFYING SUITABLE SOURCES OF WASTE AND
BYPRODUCTS

The next sections present and discuss the findings related to research question I: How
to identify suitable geographical markets for waste and byproducts? The findings in
this chapter build upon paper I1.

4.1.1. RESEARCH CONTEXT

Waste and byproducts are becoming an increasingly important ingredient of clinker
and cement to reduce the resource consumption and the processing of cement making.
The majority of the raw materials of cement consist of limestone or similar rock
(around 85%), while other materials are added to reach the correct chemical
composition of the cement. The limestone and most other materials are geochemically
benign and the mining of those materials does not result in significant problems with
acidic or chemically contaminated water (van Oss and Padovani, 2003). Nevertheless,
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the sheer size of the virgin material extraction® prompts environmental pressures from
outside such as from (local) authorities and customers. Using waste and byproducts
to replace virgin material extraction offers a way out. Furthermore, although materials
for cement are abundantly available, they might be quite limitedly available for
individual plants (van Oss and Padovani, 2003). It is, therefore, no surprise that the
cement industry (and other process industries which use large amounts of materials)
uses waste and byproducts in their processes. In addition, the use of certain waste and
byproducts such as fly-ash can replace clinker or can result in lower temperatures in
the clinker production process, thereby responding to the environmental pressures
related to the massive (fossil) fuel consumption of the cement industry (Ekincioglu et
al., 2013).

Cement producers often use waste and byproducts such as ground granulated blast
furnace slag, burned rice husk ash, kiln dust, burned clays (metakaolin) and silica
fume and, as is also the case at Aalborg Portland A/S, iron oxide (pyrite ash),
desulfurized gypsum, salt slag (oxiton), bottom ash and fly-ash (van Oss & Padovani
2003). Fly-ash is one of the main byproducts used by Aalborg Portland A/S. Starting
around 40 years ago, nowadays Aalborg Portland A/S uses around 235,000 tons of
fly-ash per year (Aalborg Portland, 2017b). Opposed to most other cement factories,
Aalborg Portland A/S uses the fly-ash as an additive to the raw meal (raw materials),
to replace aluminum sources such as clay and bauxite. In fact, the production process
is designed for the use of fly-ash, for example with fly-ash storage places, fly-ash
feeding systems and a clinker chemistry based on the use of fly-ash. However, high
quality fly-ash becomes increasingly difficult to find since power plants in Denmark
and the rest of Europe are shifting towards bio-fuel — a fuel which does not deliver the
desired quality of fly-ash for the type of cement made by Aalborg Portland A/S. As
previous experience learns that fly-ash from bituminous coal from South Africa
provides the best quality, new sources of South African fly-ash have to be found. Fly-
ash from Russian bituminous coal, on the other hand, delivers the lowest quality of
fly-ash.

However, in an effort to identify which European countries® use large amounts of
South African coal compared to coal from other countries such as Russia, the
complexity of international trade formed an obstacle. As evident from figure 4.2, both
South Africa and Russia (as well as other nations) are exporting their coal to the
European market.

9 Around 1.7 ton of raw materials (excluding the fuels)