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Abstract

This master thesis investigates industrial urban symbiosis (IUS) within the food and beverage sector,
focusing on small and medium-sized enterprises (SMEs) exemplified by Omaka AB, Nira Sverige AB, and
Stockholm Mushroom Farm AB. The thesis addresses the necessity to enhance resource efficiency and
sustainability in urban food production systems. Furthermore, the thesis’s problem statement hinges upon
the limited understanding of how SMEs can effectively engage in symbiotic exchanges to optimise resource
utilisation whilst simultaneously mitigating the associated environmental impacts. Additionally, employing a
mixed-methods approach, the thesis integrates quantitative data with qualitative insights. So, by examining
the production processes for each case study’s inputs, outputs, current practices, and potential synergistic
opportunities, the research offers a nuanced understanding of IUS dynamics in relation to SMEs. Key results
and conclusions of the thesis reveal the untapped potential for SMEs to engage in symbiotic exchanges,
thereby leveraging by-products such as organic wastes, waste heat, and CO,. Moreover, the identification of
synergistic opportunities, including the utilisation of by-products as growing media, fertilisers, and feed
material, underscores the viability of circular economy principles in the food and beverage sector. Lastly, the
thesis emphasises the importance of collaboration, policy advocacy, and innovation in fostering sustainable
urban food production systems. Importantly, the findings have implications for academia, policymakers, and
practitioners, offering actionable insights to inform future research, policy formulation, and business
strategies. Thus, by shedding light upon the unexplored avenues for resource optimisation and waste
valorisations across multiple SMEs contexts, this thesis contributes to advancing knowledge that encourages
action to stimulate sustainable and resilient urban food ecosystems.

Keywords

Symbiotic exchanges, By-product synergies, Urban food production systems, Resource efficiency, Circular
economy, Sustainability



Sammanfattning

Denna masteruppsats undersoker industriell urban symbios (IUS) inom livsmedels- och dryckessektorn,
med fokus pa smé och medelstora foretag (SMF) exemplifierade av Omaka AB, Néra Sverige AB och
Stockholm Mushroom Farm AB. Studien behandlar nodvandigheten av att forbattra resurseffektiviteten och
héllbarheten i urbana livsmedelsproduktionssystem. Vidare ar avhandlingens problemformulering beroende
av den begriansade forstielsen for hur sma och medelstora foretag effektivt kan delta i symbiotiska utbyten
for att optimera resursutnyttjandet och mildra miljopaverkan. Dessutom integrerar studien kvantitativa data
med kvalitativa insikter genom att anvinda en blandad metod. Genom att undersoka
produktionsprocesserna i varje fallstudie, inputs, outputs, nuvarande praxis och potentiella synergistiska
mojligheter, ger forskningen en nyanserad forstaelse for IUS-dynamiken i forhallande till smé och
medelstora foretag. Viktiga resultat och slutsatser i avhandlingen visar pd den outnyttjade potentialen for
sma och medelstora foretag att delta i symbiotiska utbyten och darigenom utnyttja biprodukter som
organiskt avfall, spillvirme, avloppsvatten och CO2. Identifieringen av synergimojligheter, inklusive
anviandningen av biprodukter som odlingssubstrat, godningsmedel och fodermaterial, understryker
dessutom att principerna for cirkuldr ekonomi ar genomforbara inom livsmedels- och dryckessektorn.
Slutligen understryker studien vikten av samarbete, politisk paverkan och innovation for att fraimja hallbara
livsmedelsproduktionssystem i stiderna. Resultaten ar viktiga for den akademiska virlden, beslutsfattare
och praktiker och ger handlingsbara insikter som kan ligga till grund for framtida forskning,
policyutformning och affarsstrategier. Genom att belysa de outforskade mojligheterna till resursoptimering
och avfallshantering i olika SME-sammanhang bidrar denna avhandling till att frdmja héllbara och
motstandskraftiga urbana ekosystem for livsmedel.

Nyckelord

Industriell urban symbios, Sma och medelstora foretag, Urbana livsmedelsproduktionssystem,
Resurseffektivitet, Cirkular ekonomi och hallbarhet
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1. Introduction

Today, 55% of the world’s population live in urbanised areas, of which is expected to proportionally increase
to 68% by 2050 (United Nations, n.d. (a)). This coupled with a world population of 7.91 billion people, of
which is also expected to increase to 9.7 billion by 2050, is a reinforcement to the important current and
future role that urbanised areas play for food production systems (Ritchie et al., 2024; United Nations, n.d.
(b)). While such global trends are remarkable, they beg to question important facets. One facet of particular
importance is global food production security, L.e., to what extent will our conventional agricultural systems
cope with increasing demand, whilst simultaneously supplying the nutrition required to feed the planet?
More specifically, the Food and Agriculture Organisation (FAO) estimates a 70% increase in demand of
current agricultural production rates, with estimates reaching near 100% in developing countries (Bruinsma,
2009). Consequently, conventional agricultural practices are associated with adverse environmental impacts,
of which equates to 34% of total GHG (Greenhouse gas) emissions, whilst also contributing to significant
changes in land use, biodiversity integrity loss, and degradation of imperative ecosystem services (Tubiello et
al., 2013; Crippa et al., 2021).

Considering such trends, urban areas are emerging as a new frontier to alleviate pressures associated with
traditional agricultural production systems; and therefore, urban areas can help contribute to provisioning
food for cities, whilst simultaneously recirculating resources to encourage closed-loop systems (Ellis and
Sumberg, 1998). Moreover, urban areas can be designed and created to accommodate urban food production
systems that are both resilient and sustainable. An interesting area of research for contributing to
implementing such systems is the circular economy (CE), and its IUS (Industrial Urban Symbiosis)
approach. More specifically, the CE replaces the conventional linear economic model with a sustainable
approach that prioritises the reduction, reusability, recycling, and recovering of material and resources
(Kirchherr et al., 2017). This model is inextricably linked to Industrial symbiosis (IS), a key approach to apply
CE, of which involves the exchange of materials, energy, and by-products between companies, with the aim
of transforming wastes into valuable resources (Chertow 2000; Lombardi and Laybourn, 2012). Essentially,
an IUS network is formed when exchanges form synergies that contribute to local sustainability efforts, and
resource efficiencies (Van Berkel et al., 2009; Neves et al., 2020). Resultantly, ITUS networks can be
integrated into urban areas to help provide resilient and sustainable systems (Ibid).

To capture the potentiality of IUS for urban food production systems, the thesis focuses its examination on
Small and Medium-sized Enterprises (SMEs). SMEs are emerging around Europe, but more specifically in
Sweden (EU Commission, 2023). Resultantly, such increases in SMEs have economic and societal gains,
although their functioning incur environmental costs because more resources are required for production
processes, of which contribute to additional by-product and material waste flows (Patricio et al., 2018;
Akhtar et al., 2022).

SMEs not only remain an underexplored area in academic research, but they are also intuitive subjects of
study to help identify and recommend IUS synergistic opportunities for contributing towards a sustainable
and resilient food production system in cities. So, because SMEs and IUS are underdeveloped areas in
academic research, the primary academic focus orientates around traditional industrial IS networks.
Nevertheless, Chertow and Park (2016) highlighted the importance of expanding IS research beyond
conventional industrial systems, while Neves et al. (2020) emphasised the imperative for researching the
potential synergies that incorporate organic materials. Moreover, as noted by Haman et al. (2023), the agri-
food sector has received limited attention, with a gap in identifying specific IUS synergistic opportunities
involving organic by-products. Furthermore, Martin et al. (2020) reinforces the necessity for more empirical
studies that assess the feasibility of innovative symbiotic relationships. Nonetheless, despite such awareness,
there remains a significant gap in understanding IUS within the context of SMEs, most notably in urban
areas. Resultantly, Stockholm County, Sweden will be the primary focus whereby a microbrewery, vertical
hydroponic farm (VHF), and mushroom farm are researched.
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1.1. Aim

The aim of this thesis is to critically investigate the current state of IUS options for food and beverage SMEs
located in Stockholm County, and to recommend how these options can be synergised to create more
symbiosis plans for developing a circular food system. This requires a thorough investigation into the current
and future state of IUS in Stockholm County, that is presented through three SMEs case studies: 1) beer
production, 2) VHF, and 3) mushroom farm.

1.1.1. Research questions
The following two research questions, and sub-questions identified correspond to achieving the thesis’ aim:
D To what extent does IUS already exist in Stockholm County for food and beverage SMEs?

- What inputs of materials and resources, and outputs of wastes and by-products do food and beverage
SMEs have?

- What types of IUS exchanges are currently being implemented within the food and beverage SMEs?

ID) To what extent could IUS be implemented in Stockholm County?

- With the outputs and by-products generated by the SMEs identified, to what extent could they be
utilised for implementing future synergistic opportunities?

1.2. System Boundaries
The system boundaries employed for the thesis were delimited to focus on the following aspects:

Firstly, the industry classification for the case studies were delimited to focus only on SMEs.! The
justification for this delimitation is because of a lack thereof literature that focuses on SMEs as potential
facilitators for establishing sustainable and resilient urban food production systems, most notably via
circular economic models and IUS applications.

Furthermore, according to the European Union (EU) Commission’s assessment of Sweden’s business
outlook, during 2021-2022 SMEs have developed, with a 1.5% increase in the number of SMEs, 1.2% increase
in the number of people employed, and a 2.8% growth in the value added to the national economy (EU
Commission, 2023). Moreover, growth projections reveal that SMEs are on target for a 0.3% increase in
value added to Sweden’s economy (Ibid). These statistics motivate the focus for Swedish SMEs, because with
such growth trends, SMEs will encompass greater material and resource inputs required for production of
their respective products, while simultaneously producing greater outputs with respects to by-products and
waste streams.

Another delimitation is that all SMEs are either food or beverage producers. For this, the SMEs ‘Statistical
Classification of Economic Activities’ (NACE) codes were consulted via allabolag.se, Sweden’s online business
directory. The reason for this delimitation is multifaceted. For instance, the thesis’ primary focus revolves
around urban food production systems. Also, there is a plethora of research surrounding the three SMEs
industry types, albeit at a larger industrial scale, hence being motivated by the literature gap that Chertow
and Park (2016) identified, which calls for research moving beyond conventional industry types.
Additionally, aside from Omaka, both Nira Sverige and Stockholm Mushroom Farm were already
undergoing academic research collaborations with the IVL and KTH, and therefore this provided greater
accessibility and data availability.

From a spatial perspective, the geographical focus is confined to Stockholm County, Sweden. The rationale
for picking Stockholm County as the location for the research was due to convenience of being located closely
to the chosen SMEs, thereby enabling greater accessibility to investigate their IUS situations. More
importantly, Stockholm County fits into the holistic picture of a municipality striving towards a circular
urban food production system that encourages greater food resilience and sustainability (IVL, 2024).

! For all intents and purposes, SMEs are characterised as having less than 250 employees, and a turnover of €50 million or less (EU Commission, n.d.).
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2. Theoretical Background

This section summarises and provides imperative concepts related to Industrial Ecology (IE), Industrial
Symbiosis (IS), Industrial Urban Symbiosis (IUS), and the Circular Economy (CE). Moreover, the section
offers a holistic overview for how the discipline of IS has evolved, it’s current state, and future research
endeavours.

21. Industrial Ecology

IE is an academic discipline that is predicated upon paradigmatic thinking about the relationships between
industrial and environmental systems (O’Rourke, Connelly and Koshland, 1996). More specifically, IE takes a
systems thinking approach that envisions industrial systems, or systems-related processes, holistically and
functioning in tandem with the surrounding systems; and therefore, such an approach accounts for all
elements related to the entirety of a system, as opposed to its constituent pieces that are isolated from it
(Kapur and Graedel, 2004). Furthermore, IE strives to reduce, or put an end to, environmental impacts by
closing material cycles (Ibid). Additionally, within the past decades, IE has been perceived as a ‘science of
sustainability’ (Kapur and Graedel, 2004.), and deemed a discipline to help simulate sustainable
development at the national, regional, and local levels (Kabongo, 2013).

Most importantly, with the publication of “Strategies for Manufacturing”, Frosch and Gallopoulos (1989)
famously coined the term ‘industrial ecosystem’ (Kabongo, 2013; Kapur and Gaedel, 2004). Interestingly, the
authors envisioned an industrial ecosystem as a biological metaphor that reinforces biomimicry, I.e., the way
that industrial systems can imitate natural systems to apply closed loops for materials and exchanges of
energy (Pedersen Zari, 2018). More specifically, an Industrial ecosystem can be defined as an ‘integrated
system whereby the consumption of materials and resources are optimised, and waste generation is reduced
by using the by-products of one’s industrial process as raw material inputs for another’s’ (Frosch and
Gallopoulos, 1989). Furthermore, Frosch and Gallopoulos highlight that system imbalances, such as severe
resource depletion, consumption, and waste rates, are wholly unsustainable for the long-term and therefore,
a paradigmatic shift is needed whereby “humanity can deliberately and rationally approach and maintain
sustainability, given continued economic, cultural, and technological evolution” (Kapur and Graedel, 2004,

pp- 373).

2.2. Industrial Symbiosis and Urban Symbiosis

Moving away from thinking to applications, IE can be applied at multivarious levels such as, regional and
global, facility or firm, and the inter-firm (Chertow, 2000). Most importantly, the inter-firm is the level at
which IE applies IS, and the development of eco-industrial parks (EIPs), whereby companies participate in
exchanges of materials, resources, energy, and skills to obtain a competitive advantage (Ibid). Importantly,
the premise for companies to exchange their outputs (by-products and residual flows) as raw material inputs,
was already pioneered by Renner during 1947, whereby the analogy of symbiosis’ occurring within natural
ecosystems became realised (Zhang et al., 2015). Additionally, during 1989, Ayres coined the term ‘industrial
metabolism’ to describe the flows of materials and energy present within industrial systems, of which the
system was interpreted as a biological organism that was characterised by inputs (food), and outputs (wastes)
(H. Ausubel and E. Sladovich, 1989). Most importantly, during the same year production manager Inge
Christensen and her husband coined the term ‘industrial symbiosis’, the term was used to describe the flows
and exchanges of materials and energy that was occurring at the EIP of Kalundborg in Denmark (Chertow
and Park, 2016; Zhang et al., 2015). As a result, the coining of the term led to the modern terminological
standard used today (Ibid).

As a result of increased interest for IS, a wealth of academic literature and experiences enabled the field to
evolve, and for its definition to develop further. For instance, during 2007 Chertow devised a criterion, called
the ‘3-2 heuristic’, of which was imperative for defining what IS theoretically looked like in practice (Chertow,
2007). Chertow interpreted IS to be present, I.e., a network formed, when three different individuals (none of
whom can be characterised as a recycling or waste business), exchange a minimum of two different resources
with one another (Ibid).
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Most importantly, during 2012, the definition of IS received further refinement and expanded into an
interdisciplinary definition. For instance, Lombardi and Laybourn (2012), defined IS in the following way:

“IS engages diverse organizations in a network to foster eco-innovation and long-term culture change.
Creating and sharing knowledge through the network yields mutually profitable transactions for novel
sourcing of required inputs, value-added destinations for non-product outputs, and improved business and
technical processes.” (Lombardi and Laybourn, 2012, pp. 31-32).

So, because of this theoretical refinement of Chertow’s initial IS definition, Chertow and Ehrenfeld (2012)
responded by incorporating Lombardi’s and Laybourn’s (2012) expansion to not only focus on the exchanges
of natural resources, but also to incorporate facets such as knowledge sharing, and geographic proximity
(Chertow and Ehrenfeld, 2012).

2.3. Urban Systems

Urban systems have received wider recognition because of increased levels of materials and resources
consumption, GHG emissions, and heightened costs associated with waste and treatment processing in
towns and cities (Neves et al., 2020). Furthermore, urban systems reinforce a type of thinking that brings
together urban metabolism, inclusion of urban exchanges and waste streams and thus, provides an
application of IS to a specific system (Geng et al., 2012). Consequently, Van Berkel et al. (2009) fused
together both urban systems and IS to coin the concept ‘Urban Symbiosis’ (UrS), of which is defined as:

“The use of by-products (wastes) from cities (or urban areas) as alternative raw materials or energy
source in industrial operations.” (Van Berkel et al., 2009, pp. 1545).

In addition to UTS, literature also provided key concepts such as Industrial Urban Symbiosis (IUS), or Urban
and Industrial Symbiosis (UIS) (Neves et al., 2020). Noteworthy, IUS and UIS are used interchangeably to
describe the same thing, I.e., the relationship between industrial and urban systems, and how municipal
solid waste (MSW) streams are utilised by industries as an alternative to raw materials inputs, and how
surplus heat produced by industrial processes is recirculated into the urban system (Azman Momirski, Music¢
and Cotié¢, 2021).

24, Types of Exchanges for Industrial Symbiosis

Under an IS situation there are four types of exchanges that can elapse between business entities (Mirata and
Emtairah, 2005; Chertow, 2007; Ashton, 2008; Lombardi and Laybourn, 2012; Martin, 2020).

Table 1: Types of Industrial Symbiosis Exchanges

Type of Exchange Description Example

Company A produces excess spent grain, of
which company B can use as raw material
input for producing high fibre baked goods.

By-product synergies This involves a company using the outputs
from another company as inputs for its own

processes.

This involves the shared management of
resources such as energy, water, wastewater
treatment, and joint emission control.

Companies clustered in an EIP cooperate to
optimise energy usage, reduce water
consumption, and collectively manage
emissions.

Utility synergies

Service-sharing
synergies

This involves companies collaborating to
share services, such as transportation, waste
collection, and maintenance.

Companies co-located within a business
space jointly hire a waste collection service to
reduce costs and environmental impacts.

Knowledge synergies

This involves companies using each other’s
specialisations and insights to create and
manage new products, services, or markets.

Company A introduces an innovative
production technology to Company B,
therefore leading to improved efficiency and
product quality.
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Furthermore, IS exchanges can occur across different spatial and organisational boundaries. For instance,
Chertow (2000) reveals that by-product exchanges can elapse within the same organisation, amongst firms
that are co-located within an EIP, amongst non-co-located firms, and between firms located in different
regions. Moreover, Domenech (2019) has elaborated on the geographical boundary associated with specific
types of by-products traded at the local, regional, national and international levels. Alternatively, utility
synergies and service sharing types of exchanges are limited to geographical pressures because of co-
dependencies upon a common set of infrastructure, and resources shared (Jensen et al., 2011). Nonetheless,
geographical constraints are not deemed a necessity for knowledge types of exchanges.

2.5. Alternative Industrial Symbiosis Emergence Models

Literature reveals that IS-focused academics differ in their methodological approaches with regards to
studying IS systems, I.e., from either a static or dynamic perspective. For instance, Boons et al. (2014) states
that IS should be considered a dynamic state, in contrast to a static state, whereby entities are consistently
experiencing multivarious levels of connectedness, actor participations, and societal, economical, and
ecological outcomes. Most importantly, the emergence of IS networks is a process that involves constant
flows amongst and between the entities, and their subsequent experiences, which leads to an IS to evolve
over an extended period (Ibid).

As aresult, the body of literature shows that there are multiple interpretations in categorising models of
emergence for IS, and their subsequent evolutionary stages (Chertow and Ehrenfeld, 2012; Domenech et al.,
2019; Hewes and Lyons, 2008).

2.51. Self-organised network

Within self-organised networks, sometimes referred to as ‘Self-organising Symbiosis’ (SOS) (Chertow and
Ehrenfeld, 2012), pre-existing companies begin to interact in spontaneous collaborations in a bid to establish
“a solution to a business problem” (Chertow and Park, 2016, p. 105). Resultantly, the initial impetus for such
collaborations is economically motivated as opposed to environmentally driven (Ibid).

Furthermore, to understand how this emergence model unfolds, Chertow and Park (2016) have devised three
sequential stages:

Sprouting

During the sprouting phase, firms collaborate to tackle common or individual challenges. These challenges
can include reductions in transaction costs, waste disposal, or regulatory compliance. Moreover, the initial
exchanges established are tested via market signals, and if successful encourage subsequent exchanges and
collaborations. Furthermore, to maintain longevity of such interactions, the individual gains of the firms
must outweigh the costs, therefore making it an incentive to continue collaborating in such relationships.
Importantly, the participants involved are often unaware of the underlying environmental benefits that arise
from such interactions.

Uncovering

During the uncovering phase, exchanges that provide economic and environmental benefits become clear to
the participants, Le., they become uncovered. Consequently, public attention draws a focus to these
beneficial interactions; and therefore, once exchanges and their subsequent benefits are recognised, IS
activities move from the spontaneous to the planned. Importantly, government entities, facilitators, and
researchers join the network to assist in developing its institutional structure.

Embeddedness and Institutionalisation

During this phase, trust norms emerge as firms deepen their relationships with one another. Simultaneously,
an institutional structure forms that brings participants together. Moreover, because of shared perceptions
and norms between the participants, a level of embeddedness is deepened that leads to additional and
complex exchanges that are further facilitated. Nonetheless, Chertow and Ehrenfeld (2012) reinforce that
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because IS activities evolve over time, IS networks are vulnerable to collapse and therefore it is a crucial
factor to consider; however, this facet of IS interactions remains a gap within the literature.

Additionally, Domenech (2019) revealed the similar characteristics that is shared by self-organised networks.
For instance, neighbouring companies initiate exchanges, even when waste types and transportation costs
influence the present network boundaries (Ibid). Also, such IS activities emerge within specific regions that
are environmentally conscious and have rigorous regulatory frameworks (Domenech, 2019).

Kalundborg, Denmark, an exemplary self-organised network case study

Kalundborg’ Industrial system matured into an IS network that includes a cluster of entities representing a
gypsum board facility, a power station, a wastewater utility firm, an oil refinery, a pharmaceutical plant, an
enzyme producer, and Kalundborg municipality (Mirata,2018). Moreover, because of a strong willingness,
expressed by the firms’ managers, to delegate their company’s competences to the municipality, there is a
high degree of commitment that has led to continued resource exchanges (Brears, 2023). Consequently, a
consortium body (Kalundborg Symbiosis) was established to support new potential synergies, and to
encourage the growth of IS both nationally and internationally (Ibid).

2.5.2. Planned network

A planned network, also referred to as an ‘engineered network’, is characterised by its top-down approach
whereby external participants, such as the public and private sector, intentionally create IS clusters by co-
locating firms that have matching inputs and outputs for the specific EIP (Chertow and Ehrenfeld, 2012).
Under a planned network, two models are envisaged.

Build and recruit

Deemed the default approach to planned networks, a build and recruit model is characterised by developing
an EIP from the foundations (greenfield development), or by reusing existing industrial land (brownfield
development). Importantly, these types of EIPs caters for an ‘anchor tenant,” such as a utility plant that other
firms depend on. Resultantly, this model reinforces an economic incentive, as opposed to an environmental
incentive, for developing a planned IS network.

Planned eco-industrial park (PEIP)

Similarly to the build and recruit model, the PEIP model approaches a planned network by taking an extra-
step once the EIP has been established. More specifically, PEIPs aim is to seek and co-locate firms based on
matching their material flows (input-output matching), thereby hoping to exchange resources amongst
themselves and between others co-located at the PEIP. Nevertheless, with such intentional planning, the
approach limits the diversification of potential firm candidates for selection, thereby creating an inflexible
market with little versatility for absorbing economic shocks (Chertow and Ehrenfeld, 2012). Interestingly,
despite receiving governmental financial support, and being aware of the environmental implications for the
IS network, this specific model is regarded as the least effective approach for an IS networks emergence
(Ibid). For instance, with a lack of market versatility, ‘shortlisting firms based on input-output matching
limits the crucial steps of embeddedness and institutionalisation that is required for creating and
disseminating the value system intrinsic to industrial symbiosis’ (Chertow and Ehrenfeld, 2012, pp. 23).

An example of a PEIP is reinforced by Domenech and Davies (2011) empirical investigation into an IS
network located in Sagunto, Spain. Here, the authors revealed that a lack of emphasis was placed on the
social elements that hindered the emergence of the IS network (Ibid). Furthermore, the PEIP was
characterised by a small cluster of firms that generated a significant quantity, and diverse types of waste
streams thereby catering for collaboration and a shared sense of community (Domenech and Davies, 2011).
Nevertheless, when the anchor firm ceased production, the dynamics of IS activities shifted and weakened
the overall IS network, therefore revealing a lack thereof embeddedness and institutionalisation was partly
responsible for the network’s short-lived duration (Ibid).
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2.5.3. Facilitated network

A facilitated network is an emergence model that is midway between self-organised and planned networks.
More specifically, IS networks come to fruition via the coordination of facilitators, i.e., these can be
organisations, such as the National Industrial Symbiosis Programme (NISP), or individuals that are specified
as ‘champions.’ A facilitated network emerges through a three-pronged approach, identified by Paquin and
Howard-Grenville (2012).

Conversation

Firstly, during the conversation stage, the facilitator holistically analyses the main industrial streams, and
appropriate rules and regulations at the regional level with the goal of discovering possible symbiotic
exchanges. Next, the facilitator brings together key participants by hosting workshops to share knowledge,
and to prepare and plan potential IS interactions. Importantly, this phase is interpreted as more
happenstance than premediated.

Connection

Secondly, during the connection stage, the facilitator becomes more enterprising by capitalising on low
hanging fruits, i.e., erecting exchanges that are simpler to materialise. Furthermore, relations between the
facilitator and key firms become strengthened due to increased field visits and meetings with personnel.
Importantly, this phase is interpreted as more purposeful and discriminating when picking appropriate firms
for IS network emergence.

Co-creation

Thirdly, during the co-creation stage, the emergence of an IS network becomes clear with the presence of an
IS infrastructure that revolves around an anchor firm’s material and resources flows. Additionally, this
process involves the mimicking of economically advantageous IS exchanges, of which lead to substantial
reduction in landfilling and GHG emissions. Simultaneously, firms initiate in expansion of the initial IS
network by furthering relationships and competences around specific types of symbiotic exchanges, whilst
also creating capacity to maintain the flow of resources that revolve around key regional processes.

The facilitator

The role of the facilitator is to function as a coordinator with the intention of helping to identify and create IS
exchanges (Chertow and Park, 2016). A facilitator role’s is imperative during situations where there is a lack
of exchange of ideas and information between firms, of which is often a consequence of spatial separation
(Domenech et al., 2019; Gibbs and Deutz, 2007). Importantly, the role of the facilitator can be assumed by
groups, or individuals such as regional developers, industrial associations, academic institutions, and local
authorities (Patricio et al., 2018).

A facilitator’s primary objective is to generate a level of trust and familiarity amongst and between key
participants (Ashton, 2008; Hewes and Lyons, 2008). This situation elapses when key participants are
brought together via meetings, and or field visits (Paquin and Howard Grenville, 2012). Additionally,
facilitators contribute to IS networks by uncovering collaborative resource management and stimulate the
reusability of by-products (Ibid). Nonetheless, the role of facilitators is still largely debated. On the one hand,
Martin (2020) reinforces that facilitators gain valuable competences by obtaining insights about potential
synergies, therefore contributing an important facet in the emergence of an IS Network. Alternatively,
Chertow and Park (2016) highlights that while facilitators wield a significant role in establishing IS
opportunities, they have the potential to abate the connections between firms due to the facilitator’s
influence gaining traction.

2.6. Industrial Symbiosis and the Circular Economy

Because IS is inextricably linked to principles of CE, it is therefore imperative that their relationship is
explored. Foremost, CE can be defined as:

‘An economic strategy that replaces the conventional linear economic approach with focusing on reducing,
reusing, recycling, and recovering materials across various economic scales (micro, meso, and macro).
Furthermore, its goal is multifaceted: to promote sustainable development, improve environmental quality,
deliver economic prosperity, and encourage social equity, to the benefit of existing and future generations.
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Such a shift to CE hinges upon innovative business models and conscientious consumer behaviour’
(Kirchherr et al., 2017).

IS has been identified as one approach, or one business model, for applying CE into practice, whereby the
closing of resource and material loops are prioritised (Martin, 2020; Baldassarre et al., 2019). Furthermore,
CE’s popularity has peaked in recent years due to its interdisciplinary application to multiple academic
disciplines that have expanded beyond the technical rationale of studying resource use (Johnsen et al., 2015).
Moreover, the cross-pollination between IS and CE has become popularised due to policymaking
developments within the EU that have devised packages to implement CE via IS applications (Martin, 2020;
Neves et al., 2020). More specifically, the integration of the two has been recognised by EU policymakers for
the following reasons: firstly, because of the ability to encourage sustainable development whilst promoting
reductions in waste streams, via circular uses of resources and materials to help close loops (Baldassarre et
al., 2019; Lazarevic and Valve, 2017; Johnsen et al., 2015). Secondly, to help promote the EU’s vision of
‘Green Growth’ whereby waste streams, and subsequent by-products, are valorised to create new economic
markets that are stable, sustainable and secure (Gregson et al., 2015).

2.7. Drivers and Barriers for Industrial Symbiosis

The successes of IS depend heavily upon the factors that give rise to successful collaborations between
entities; However, there are barriers that can prohibit IS from elapsing. Resultantly, Walls and Paquin (2015)
established four categories of drivers and barriers for IS.

2.7.1. Antecedents

The emergence of IS hinges upon several critical antecedents. Firstly, geographical proximity, while not
directly causal, acts as an enabler for IS networks. Secondly, another factor is the existence of an anchor
tenant, or a shared problem that necessitates a solution, such as waste management (Chertow, 2008).
Furthermore, government regulations also play a role in fostering IS because companies are compelled to
meet requirements related to resource efficiency, emission reduction, and waste elimination. Moreover, the
involvement of diverse actors, or a varied industry mix, can help serve as an antecedent. Importantly, IS has
been established under both high and low degrees of diversity; nonetheless, a high degree of industry mix can
help enhance the breadth of knowledge and resources available (Lombardi and Laybourn, 2012; Chertow and
Park, 2016). Additionally, the existence of a common strategic vision, set of shared beliefs, and a general
alignment, amongst the involved entities can help facilitate the formation of relationships and institutions
supporting IS.

2.7.2. Lubricants

The factors that sustain the progression of IS over time are referred to as lubricants. Lubricants are
predominantly socially oriented, thereby highlighting the important aspects of human involvement and
collaboration in IS. For instance, the facilitator disseminates information whilst helping to overcome
technical and social challenges within IS networks (see Section 2.5.3.4). Importantly, trust and openness are
imperative for fostering the growth of IS networks, and therefore should be established prior to the
formation of IS formations (Gibbs and Deutz, 2007). Nevertheless, trust can be developed concurrently with
the evolution of IS networks, and so it should not be interpreted solely as an outcome of it.

Another crucial lubricant is embeddedness, of which is pivotal for cultivating trust and familiarity amongst
companies. Furthermore, this embeddedness encourages respectful behaviour and mitigates opportunistic
actions. Moreover, it often arises in locations whereby firms are geographically proximate, of which trust has
been developed through past experiences of mutual beneficial interactions. Importantly, with consistent
contracting and support, especially during economic recessions, helps to improves a companies’ willingness
to participate in IS networks. Also, embeddedness contributes to enhancing an IS network’s stability and
resilience; however, excessive embeddedness can hinder innovation and adaptability, thereby potentially
leading to lock-ins, I.e., an overreliance upon an anchor tenant.
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2.7.3. Limiters

As previously mentioned, trust is an important facet for ensuring a successfully sustained IS network.
Alternatively, a lack thereof of trust poses a significant challenge to the overall network. For instance, IS
participants may hesitate to share internal information, therefore fearing a co-dependence on each other.
Additionally, gaps in transparency and concealed information impedes any effective communication and
resource exchanges from occurring. Resource instability can function as a limiter to IS networks. For
example, unstable resource streams pose risks, and therefore can undermine an IS network’s overall stability.
Inextricably linked is the reliability of resource supply that becomes critical for sustaining collaborations.
Furthermore, cost considerations are another limiter to IS networks. For instance, implementing IS involves
costs beyond resource exchanges, such as the implementation of potential synergies and transaction costs.
Additionally, transportation associated costs are another potential limiter. Despite companies potentially
sharing transportation costs, via utility sharing synergies, some may bear the costs individually. Lastly,
power asymmetry within networks can function as a potential limiter to develop IS. For instance, dominant
entities such as government-owned power plants, can stifle collaborative efforts because of concerns about
the overreliance upon a single player, i.e., the dependence on the anchor tenant.

2.74. Consequences

IS produces diverse environmental, economic, and social outcomes. While IS can bring about co-benefits,
including resource efficiency and community welfare, it however is not a guaranteed path to improved
environmental performance. For instance, Ashton (2011) revealed through a case study in Puerto Rico, how
pharmaceutical firms that attempted to collaborate to build a wastewater treatment plant experienced poor
inter-firm relationships. For example, construction of the facility culminated with lapses in maintenance,
onsite health issues, and local problems with odorous pollution. Nevertheless, the IS network achieved
resilience by securing critical resources and fostering innovation through technology repurposing (Ibid).
However, as Ashton (2011) reinforces, critics of IS argue that synergies may overshadow and undermine
pollution reduction efforts that should be prioritised. Furthermore, IS networks risk lock-ins, of which
hinders the system’s adaptability. Overall, balancing out these consequences is essential for development of a
sustainable and successful IS network.

2.8. Geographical Proximity

In the initial definitions of IS, geographical proximity is deemed a key impetus for IS. However, Lombardi
and Laybourn (2012, pp.31) challenged this conception by stating that geographical proximity is “not
sufficient neither necessary for IS”. Alternatively, from a social outlook Hewes and Lyons (2008) reinforce
the key role that proximity plays in establishing social connections, as personal relationships are enhanced,
thereby helping to facilitate embeddedness within IS networks. Interestingly, research by Domenech et al.
(2019) revealed how geographic proximity can influence the scale of IS by advancing the emergence of
several elements.

Firstly, Information flow exemplifies how proximity facilitates direct communication between firms. This
closeness enables the exchange of crucial information about waste and by-product exchanges. Also, firms can
identify potential users for their outputs more effectively when they are geographically close. Secondly,
proximity helps to provide a better understanding of the opportunities that arise from IS transactions. Also,
being nearby allows firms to recognise the potential synergies and collaborative possibilities more readily.
Thirdly, know-how resources demonstrate how proximity enhances access to essential expertise and
resources. Also, implementing synergies becomes more feasible when firms can tap into nearby expertise and
resources.
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2.8.1. The perfect proximity?

Jensen et al., (2011) has quantified geographical proximity and revealed that most successful symbiotic
relationships occurred within a 30-kilometre radius. Furthermore, the longer distances are attributed to the
challenge of seeking firms capable of reusing specific resource types. However, the extent of industrialisation
also plays a role. For instance, within NISP, this 30-kilometre range encompasses a diverse array of industry
types, ensuring recipients with a vast array of resource and material types.

Interestingly, the influence of geographic proximity primarily affects self-organised symbiosis rather than
facilitated symbiosis (Jensen et al., 2011). Nevertheless, Chertow and Park (2016) advocate for the ‘regional
scale’ as the optimum geographical boundary, because of balancing industry diversity for resource reuse
whilst promoting effective communication and collaboration.

2.9. Application of IUS for SMEs

The application of IUS, performed by Small-Medium Enterprises (SMEs) located in cities, has the potential
to contribute to facilitating a greater sustainable and resource efficient urban system by decreasing the
associated environmental impacts, and pressures placed on material extraction, energy supply, and
transportation (Biondi, Iraldo and Meredith, 2002; Haller et al., 2022). Nevertheless, the application of IUS
for SMEs is still an undeveloped area, with limited academic resources available; although, from the limited
academic literature that is available, some academics have examined the applications of IUS for SMEs within
urban areas.

For instance, Akhtar et al., (2022) investigated the potential of IUS for SMEs in developing urban areas,
more specifically, in Islamabad, Pakistan. The study relied on an explanatory model, with the adoption of
field surveys, focus group discussions, and a literature review, to uncover the current by-product exchanges,
whilst also mapping potential IUS synergies for the case-study area (Ibid). Interestingly, the authors
identified a by-product synergy whereby bakeries exchange food waste to farmhouses and fisheries for
livestock fodder, thereby helping to replace animal feed inputs (Akhtar et al., 2022). In return, the bakeries
receive dairy products, and meat as material inputs for production (Ibid). Unfortunately, the authors were
unable to identify future potential synergies for the bakeries. Nevertheless, the barriers prohibiting IUS were
identified as being a lack of consistent by-product supply for the required demand, inadequate IUS
knowledge, and hesitancy from the SMEs to form new business relationships (Akhtar et al., 2022).

Similarly, Patricio et al., (2018) investigated the potential of applying IUS theory to SMEs in the Vastra
Gotaland region, Sweden, with a focus placed on mushroom farms and microbreweries. The methods utilised
were a literature review, field observations, semi-structured interviews, and future IUS synergy
identifications (Ibid). Concerning the microbreweries studied, the initial IUS status revealed that wastewater,
BSG (Brewers Spent Grain), and BSY (Brewers Spent Yeast) were the main by-products produced by the
microbreweries (Patricio et al., 2018). Furthermore, although the microbreweries wastewater effluents were
difficult to quantify due to a lack of smart metering, they were being discharged into the municipal sewage
system, along with the yeast and hop sludge (Ibid). Furthermore, out of the seven microbreweries studied,
five exchange BSG with animal breeders for fodder, while one exchanges BSY with a stable for horse feed
(Patricio et al., 2018).
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With regards to mushroom farming, the initial IUS status showed that spent mushroom compost (SMC), and
mushroom scraps contributed to the primary residual waste flows accumulated from the production process
(Patricio et al., 2018). In two out of four SMEs cases, SMC was utilised for soil fertility enhancement
purposes, whereas the other two SMEs disposed of the by-product via organic waste infrastructure (Ibid).
Alternatively, in two SMEs cases the mushroom scraps were reutilised, either as a bio-fertiliser, or as a
culinary input for producing sauces, while the other two SMEs disposed of their by-products (Patricio et al.,
2018). Consequently, for both the microbreweries and mushroom farming, the authors highlighted that
avoidance of disposal costs act as an impetus for engaging in IUS exchanges, while a lack of trust, knowledge
and time constraints were considered the predominant barriers prohibiting SMEs to enact such potential
synergistic exchanges (Patricio et al., 2018).

Furthermore, research conducted by Martin et al., (2019), explored IUS by applying a life cycle assessment
(LCA) to a VHF SME in Sweden. The research predominantly focused on comparing the current baseline
production scenario, with alternative symbiotic situations that contained alternative growing media inputs,
and fertilisers (Ibid). The results revealed that utilising alternative growing media inputs, such as BSG,
shredded paper and compost, helps to alleviate GHG emissions (Martin, et al., 2019). Furthermore, despite
contributing to a reduced environmental impact, albeit to a lesser extent than alternative growing media
inputs, changes in fertiliser to a bio-based alternative proved to reduce GHG emissions (Ibid). Additionally
further LCA research also conducted by Martin et al., (2022), investigated the potential advantages of
integrating a hypothetical VHF into the basement of a residential building in Stockholm, Sweden. Essentially,
the study developed various situations, of which were predominantly utility-sharing, whereby the VHFs
waste heat was recirculated with the building’s central heating system and connected to the building’s
rooftop photovoltaic panels (Ibid). Furthermore, previously highlighted by-product synergies, such as
alternative growing media, and fertiliser were also included into scenario mapping. Interestingly, LCA results
showed that by recirculating the VHFs waste heat into the building’s energy system, would help to curtail
GHG emissions by 40%, of which minor changes were found when utilising photovoltaic panels (Martin et
al., 2022). Lastly, the incorporation of by-products into the system would lead to GHG emission reductions
of 20% (Ibid).

2.10. Gaps in Literature

When consulting literature for the thesis, it was evident that a knowledge gap is present. For instance, with
regards to the IS research field, Chertow and Park (2016), and Neves et al. (2020) emphasise that while it is
important to research IS networks, like Kalundborg in Denmark, the focus should not overshadow the
importance of exploring IS beyond conventional Industrial systems. More recently, Haman et al. (2023)
found that IS research into the agri-foods sector has been neglected, more specifically the identification of
potential IS synergies with organic materials. Furthermore, noticeable in the literature is a lack thereof of
attention that has been attributed to IUS, thereby going beyond the quantification of impacts and the
improvement of existing synergies; however, to also focus on developing innovative symbiotic relationships.
Noteworthy, Martin et al. (2020) reinforced the importance for more applied studies to gather empirical
data, and to assess the feasibility of additional synergies. Lastly, as expressed above, the focus of IUS in
relation to SMEs is an area in academic research that has received limited attention, and therefore more
research into uncovering and recommending IUS opportunities for SMEs in urban areas is an imperative
step to designing and applying sustainable and resilient food production systems in cities.
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3. Methodology

This section justifies the methodological approach, and the methodologies applied to address the research
questions of the study.

Figure 1. Methodological Framework and methods applied to thesis. Self-produced figure.

The study for the thesis is grounded upon a mixed-methods approach that comprises of both quantitative
and qualitative methods. This approach was taken to consolidate the data collected, whilst simultaneously
catering for a robust analysis that provides meaning to the results obtained (Bryman, 2012). The methods
utilised for the thesis are a literature review, technical visit, semi-structured interviews, and an inductive
thematic analysis (Fig. 1).

Resultantly, using a combination of mixed methods reinforces methodologic triangulation, whereby ‘the
biases and shortcomings associated with using one method is negated’ (Thurmond, 2001). Furthermore, the
methods have been utilised to obtain a clearer understanding of the current state of IUS, related to three
specific SME industries: microbrewery beer production, VHF, and mushroom cultivation. And once mapped,
to identify their future synergistic opportunities.

3.1. Data Collection

3.1.1. Selection of the case studies and geographical context

Stockholm County is a region located along the Baltic Sea coastline of Sweden, it is home to approximately
2,454,821 people, and has a population density of 376.9/km2 (SCB, A, 2024).

This regional administrative system expands across 26 municipalities, including the largest Swedish
metropolitan area, Stockholm. The city of Stockholm holds approximately 40% of the region’s population
(SCB, B, 2024). Stockholm hosts a wealth of business activities, that range from business services,
manufacturing, to research in science and technology (Stockholm Stads, 2023). More importantly,
Stockholm acts as an incubator for SMEs, with about 45% of the companies located in the city employing 1-4
people (Ibid).

Within the preliminary stages of the thesis, multiple microbreweries, VHFs, and mushroom farms located
within Stockholm County were researched and considered as potential case studies for the research. As
reinforced within section 1.2, the selection criteria for the case studies revolved around certain delimitations.
After fulfilling the selection criteria, a collection of potential case studies was obtained.
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Unfortunately, despite initially planning to focus on A House Ark’s co-located spaces, of which Omaka,
Tengu Ramen, and MR. Cake were all SMEs occupying the business spaces, there was a lack thereof interest
from the two latter companies. Consequently, and with limited time, two alternative food SMEs that were
already collaborating with the IVL, and KTH were selected as case studies.

The SMEs were contacted through email and telephone, of which they were presented with information
about the research, and asked whether they would participate in and consent to technical visits on their
premises, followed-up by semi-structured interviews (Appendix I). As a result, the three companies available
and willing to participate in the research were: 1) Omaka AB, 2) Néra Sverige, and 3) Stockholm Mushroom
Farm AB.

3.1.2. Omaka AB

Omaka employs 26 people and have a turnover of 24,148,000 SEK per annum (Allabolag.se, n.d., A).
Noteworthy, despite Omaka being classified as having both restaurant operations (NACE code: 56100), and
beer production (NACE code: 11050), it is only the beer production system that is investigated (Ibid).

3.1.3. Nara Sverige AB

Nara Sverige employs 4 people and have a turnover of 970,000 SEK per annum (Allabolag.se, n.d., B). Nira
Sverige’s industry classification is considered as the ‘cultivation of vegetables (kitchen plants) in greenhouses’
(NACE code: 01134) (Ibid).

3.1.4. Stockholm Mushroom Farm AB

Stockholm Mushroom Farm comprises of 2 people, of which are the founders of the company. The
Mushroom Farm’s turnover is 8,000 SEK per annum (Allabolag.se, n.d., C). Stockholm Mushroom Farm’s
industry classification is deemed ‘mushroom cultivation’ (NACE code: 01135) (Ibid).

3.2. Literature Review

To reinforce a mixed-methods approach, a semi-systematic literature review was conducted to answer both
RQ1 and RQ2. Furthermore, it provided a synthesised and eclectic summary of the focused research area,
and to trace the research field’s evolution whilst simultaneously helping to identify gaps within literature, of
which is presented in Section 2 (Snyder, 2019). The literature review also contributed to uncovering the
current situation of IUS amongst the three SMEs.

More specifically, data retrieved from academic literature helped formulate realistic assumptions for
information presented in the results section, of which specific data could not be obtained from the technical
visits or semi-structured interviews. Furthermore, academic literature was instrumental in contributing to
recommending future synergistic opportunities for the SMEs’ identified by-products and waste streams.

Importantly, the literature review was grounded upon scientific and academic publications that were
obtained from reputable educational data repositories, such as ScienceDirect, SwePub, Scopus, Primo, and
Google Scholar. Some keywords utilised to narrow down the field were: “industrial urban symbiosis” AND

» @ %P«

“case study”, “Industrial symbi*”, “circular urban economy”, and “urban food production systems”.

3.3. Technical Visits

Technical visits were employed as a method due to their established usage as a robust evaluation technique
(Lawrenz, 2003; Eden et al., 2019). Furthermore, the method helped answer both RQ1 and RQ2.
Furthermore, the visits were preformed simultaneously with the interviews, of which were conducted at the
SMEs premises. The purpose of technical visits was to facilitate direct engagement with the technical expert
from each SME, thereby allowing first-hand observations, in-depth discussions, and the cross-verification of
information pertaining the to the production process (Ibid). Furthermore, the method helps to uncover any
valuable information that could be elaborated upon within the interviews. Noteworthy, data obtained from
the visit was only descriptive information to guide the interviews, and to assist with general knowledge
production for the thesis.
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3.4. Semi-structured Interviews

To identify the current IUS situation and contribute to mapping future synergy opportunities for the SMEs
by-products and waste streams, a semi-structured interview was performed. Utilising a semi-structured
interview was motivated due to initially having a partial understanding of the three-case studies production
processes and resource flows, and so, interviews helped to solidify understanding and shed light upon
specific technicalities (Bryman, 2012). Importantly, despite devising a set of pre-determined questions
(Appendix IT), the semi-structured interviews provided flexibility due to allowing spontaneous question
changes, probing questions and follow-ups (Ibid).

The purpose of the semi-structured interview is three-folded; firstly, it supports and builds upon the
observations obtained during the technical visits. Secondly, it helps to obtain both qualitative and
quantitative data. For instance, the Information obtained ranged from corporate details, production inputs
and outputs, stakeholder engagements, waste handling strategies, to financial expenditures. Thirdly, the
interviews contributed to uncovering the current situation of IUS and helped envisage the future synergistic
opportunities for the SMEs by-product and waste streams.

The semi-structured interviews were conducted with three individuals, representing each case study: 1)
Hedda Spendrup — Head Brewer at Omaka, 2) Karin Nilsson — Lead Grower at Nara Sverige, and 3)
Alexander Forslund — CEO and Farmer at Stockholm Mushroom Farm. Each interviewee was selected due to
their knowledge of their respective production process, and position within their business. Each participant
was contacted via email to arrange an interview. With consent granted by the interviewee, each interview
conducted were face-to-face, audio-recorded, and transcribed. Before the interviews, all interviewees were
presented with an information sheet outlining the purpose of participating in the interviews and provided a
consent form (Appendix I).

Preparation of the questions coincided with consulting literature that adopted similar research focuses and
methods (Akhtar et al., 2022; Patricio et al., 2018). Resultantly, a final set of pre-determined questions were
devised (Appendix IT). Noteworthy, due to the flexibility of the interviews, depending on the interviewee’s
answers, not all questions were asked in the same order. Additionally, due to follow-ups and probing
questions, some attention was diverted from the pre-determined questions to gain valuable insights and
uncover new information.

3.5. Inductive Thematic Analysis

To process and apply meaning to the quantitative and qualitative data obtained from the semi-structured
interviews, open coding is a method that was utilised to arrange the information into topic codes (Merriam
and Tisdell, 2015; Bryman, 2016; Mihas, 2023). The topic codes emerged from the interview transcripts
(Hsieh and Shannon, 2005). Most importantly, despite utilising the open coding approach, the data
generated were not used to generate themes, but to create categories based on the topic codes created. This
helped compartmentalise broad data and arrange it specifically into quantitative and qualitative categories.
The finalised set of categories that address the research questions are presented in tables throughout the
results and analysis section. Consult (Appendix III) to find examples outlining how the coding was
conducted.

3.6. Ethics and GDPR

As previously mentioned, participants were informed about the handling of data for scientific and academic
purposes and provided with an informed consent form (Appendix I). All interviews were conducted on a
voluntary basis, and therefore the participants had the opportunity to withdraw at any stage of the research
process. The data was handled and processed in accordance with the GDRP laws and regulations.
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4. Results & Analysis

This section provides the results of the research, including the literature review, technical visits, semi-
structured interviews, and inductive thematic coding.

4.1. Beer Production Description

Omaka microbrewery is a case study representative of a Swedish SME microbrewery producing beer. More
specifically, Omaka’s beer production is approximately 233.3 hl per month, of which 26 people are employed
(Table 2). Amongst regular beers (larger, ales, and IPAs), Omaka produces craft beers. The predominant
inputs acquired for the beer production process are malt, hops, yeast, and water.

Table 2: Omaka’s material and resource flows.

General
Number of Employees 26
Beer produced (hl/month) 233.3
Production Inputs
Malt (ton/month) 4.2
Hops (kg/month) 42
Yeast (kg/month) 10
Water (h/month) 1633.1
CO2 (Vmonth)) 1200
Production waste & by-products
Wastewater (hl/month)) 1516.5

Waste management

Municipal Sewage System

Cost of disposal (SEK/month)

BSG (tonnes/month)

Waste management

Municipal Waste Collection

Cost of disposal (SEK/month)

10,000

Trub (kg/month)

466.7

Waste management

Municipal Sewage System

Cost of disposal

BSY (/month))

7000

Waste management

Municipal Sewage System

Cost of disposal (SEK/month)

Spent hops (kg/month)

69.9

Waste management

Municipal Sewage System

Cost of disposal (SEK/month)
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CO: (kg/month) 933.3

Waste management None

Cost of disposal (SEK/month) 0

General waste (kg/month) N/A

Waste management Municipal Waste Collection
Cost of disposal (SEK/month) N/A

4.1.1. Inputs

In accordance with the interviews, water is identified as the main input for beer production. Nevertheless,
because the precise water intake consumed for the beer production process is unknown, it is assumed that for
microbreweries 11 of beer consumes 71 of water, therefore resulting in 1633.1 hl per month being consumed
(Zagoda, 2019). Noteworthy, despite water being an input for the production process, 48% of water
consumed contributes towards ‘cleaning in place’ (CIP), whereby production equipment is cleaned and
disinfected. Consequently, this resulted in 783.8 hl consumed per month (Karlovi¢ et al., 2020). Malt is
identified as the second main input, with a consumption of 4.2 ton per month. The malt that Omaka uses are
bagged and bought in bulk. Hops is identified as the third main input, with a monthly consumption of 42 kg
per month. Furthermore, the input of (dry) yeast amounts to approximately 10 kg per month.

CO2 is an important input for purging O2 from the beer lines and tanks. Resultantly, around 1200 1 per
month is utilised. CO2 is transported and contained in compressed gas cylinders at Omaka’s premises.
Lastly, alternative inputs utilised in lower quantities are aluminium cans, kegs, plastics, paper, and chemical
detergents. These alternatives have been omitted from (Table 1), due to a lack thereof data determining their
quantities.

4.1.2. Outputs

Wastewater is the first main by-product produced by the microbrewery. Despite the precise discharge
quantity being unknown, one can approximate that on average 1516.5 hl per month is produced. This
approximation is based on assuming that a discharge quantity of 6.5 L wastewater per litre of beer produced
(Fillaudeau, Blanpain-Avet and Daufin, 2006; Simate et al., 2011).

BSG is the second main by-product with approximately 7 tonnes per month being obtained. Furthermore, the
quantity of BSY amounted to approximately 7000 1 per month. Noteworthy, reinforced by the semi-
structured interview, the head brewer stated that BSY is recuperated and recirculated back into the brewery
process up to 13 times, depending on the type of beer produced. The motivations for recirculating BSY back
into the brewing process is due to maximising production efficiencies. Additionally, the trub by-product
produced is approximately 466.7 kg per month. Also, spent hops amounted to 69.9 kg per month. Moreover,
the by-product of CO2 equated to approximately 933.3 kg CO2 per month. Despite not having precise
measurements, an assumption is based upon the premise that around 4 kg CO2 is produced per hl of beer
output (Kunze and Manger, 2010).

Lastly, alternative by-products that are produced, however discarded in lower amounts, were general wastes
such as plastics, and papers. Despite uncovering the type of fractions being disposed, the specific quantity,
and costs of disposal could not be identified due to general wastes being shared and managed amongst the
premises co-located businesses.
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4.2. Beer Production Status-Quo

As previously mentioned, wastewater and BSG are the two main by-products created from beer production.
Firstly, all wastewater by-products are drained into the municipality sewage system, of which are assumed to
be utilised as an input for biogas production (Ammenberg et al., 2018).2 In Stockholm County, wastewater
discharge into the municipality sewage system and treatment is not charged; however, water usage is charged
via a water fee, of which is calculated via the water consumed irrespective of the wastewater produced
(Karrman, 2024). Inextricably linked to wastewater discharge is the trub produced from the brewing process.
This by-product is also discarded via the municipal sewage system, and therefore no fee is levied for its
disposal.

Secondly, Omaka have no BSG IUS exchanges taking place. Nevertheless, internally Omaka’s restaurant is
repurposing the BSG as an ingredient input for bread production; although, the BSG repurposed is only a
fraction of what is produced, and therefore the remaining BSG is discarded as waste and handled by the
municipality for approximately 10,000 SEK per month. Most importantly, despite no IUS exchanges elapsing
with the BSG, due to problems in finding potential recipients, Omaka is willing to share the material
externally within the locality of Stockholm County. The motivations for potential IUS exchanges are
predominately environmentally driven as opposed to prioritising economical cost reductions in waste
management handling.

Similarly to BSG, BSY is also not being exchanged, nor used internally, and so it is also discarded into the
municipal sewage system. The reasons for no IUS exchanges of BSY was due to lack of knowledge for
reutilising the material, and a lack of recipients to receive the by-product. Nevertheless, Omaka expressed a
willingness to divert the BSY from being discarded and instead capture and repurpose it for opportunistic
exchanges. The motivations of which are environmentally driven, reinforced by the fact that Omaka is not
levied a fee for its disposal.

Furthermore, CO, is being captured and encapsulated back into the beer production process; however, a
large surplus is being emitted into the atmosphere. The reason for this situation is due to technical and
economic barriers, because Omaka is not producing enough CO2 deemed feasible to financially justify
investments into carbon capture technology and infrastructure.

Lastly, despite being unable to quantify the general waste stream, Omaka does participate in utility-sharing
synergies. More specifically, Omaka is located within the premises of ‘A House Ark’, a co-working space that
co-locates SMEs. Resultantly, Omaka shares its management of general waste disposal with MR. Cake AB,
and Tengu Ramen AB (A House Ark, 2024).

4.3. Future Synergistic Opportunities for Omaka

Presented below (Table 3) are the identified synergistic opportunities for Omaka’s by-products generated by
the beer production process.

Table 3: Identified synergistic opportunities for Omaka’s beer production.®

By-product type Identified Type of IUS Description and notes
exchange synergy

Wastewater Input for mushroom By-product Nutrient-rich wastewater can be captured and utilised for mushroom cultivation
production* (Hultberg and Bodin, 2019).
Nutrient media for By-product Rich in organic matter, brewery wastewater can be pre-treated and used for
hydroponic plant hydroponic plant cultivation (Karlovi¢ et al., 2020).
cultivation*

BSG Livestock feed By-product BSG utilisation for livestock feed is the most common synergy adopted. Most

importantly, to prevent microbial spoilage, the BSG must be used within 7-10
days of being produced. (Dhiman, Bingham and Radloff, 2003; Mussatto, Dragone
and Roberto, 2006; Patricio et al., 2018; Rachwat et al., 2020).

High fibre baked By-product Utilised as input for bakery products and snacks. (Mussatto, 2014; Nagy and
goods* Diosi, 2021).

2 Noteworthy, although this is assumed to be the case, this study cannot guarantee, nor prove that this is truly the case. Therefore, for all intents and purposes
this type of exchange will not be considered a current IUS exchange.

3 Identified exchanges marked with a “*’ refer to future synergy opportunities between Omaka, Néra Sverige, and Stockholm Mushroom Farm.

27



Substrate input for By-product Utilised for its nutrient-rich contents, BSG contribute to substrate composition

mushroom for the cultivation of mushrooms (Gregori et al., 2008; Mussatto, 2014; Ritota and
production* Manzi, 2019; Eliopoulos et al., 2022).
Bio-blocks/pellets By-product BSG can be dried and converted into bio-bricks (or pellets), that act as a

feedstock for fuel in breweries ovens and boilers to help drive production
processes (Chance et al., 2018).

Bio-based By-product Potential for BSG to be upcycled and utilised as alternatives to plastic trays and
packaging food packaging (Ferreira et al., 2019; Sganzerla et al., 2021).
Compost By-product Utilised as compost for agricultural purpose; however, must be mixed with other
bio-based materials (Stocks, Barker and Guy, 2002; Chance et al., 2018; Karlovi¢
etal., 2020).
BSY Livestock feed By-product Being incorporated into livestock fodder, BSY, in wet form and inactivated, has

contributed to animal diets (Ferreira et al., 2010; @verland et al., 2013; Karlovi¢ et
al., 2020; Rachwat et al., 2020).

Functional food By-product BSY can be utilised as food additives for products such as meat substitutes, and
ingredient bread (Rachwat et al., 2020).

BSH Fertiliser and By-product Limited to agricultural utilisations (Karlovi¢ et al., 2020).
compost

Trub Input for mushroom By-product In addition to BSG, trub can be utilised to support the cultivation of mushrooms
production (Hultberg and Bodin, 2019).

CO; Hydroponic plant By-product Captured CO. from the fermentation tanks, can be introduced as surplus CO, for
input* indoor plant cultivation (Brew News, 2022).

General waste Paper waste* By-product Can be shredded down and can be introduced into the composition of growing

media (Chrysargyris et al., 2019; Martin, Poulikidou and Molin, 2019).

Firstly, due to a high moisture content, BSG is vulnerable to microbial growth that contributes to rapid
spoilage, and so it must be utilised within 7-10 days’ time (Fillaudeau, Blanpain-Avet and Daufin, 2006;
Patricio et al., 2018; Rachwal et al., 2020). As a result, BSG is conventionally utilised as a by-product synergy
for livestock feed. Nevertheless, BSG’s lifecycle can be extended by drying the residue (Karlovi¢ et al., 2020).
Therefore, despite conventional wisdom, (Table 3) reinforces the plethora of IUS synergistic opportunities
for BSG. Interestingly, the synergistic opportunity for BSG to be exchanged with cafes, and utilised as a high-
fibre source for baked goods is gaining traction and touted as an appealing IUS potential for Omaka (Nagy
and Diosi, 2021). For example, co-located with Omaka is Mr. Cake, a café that produces baked goods for
consumers. Moreover, Mr. Cake could potentially upcycle Omaka’s BSG into bakery goods, whilst also
exchanging its leftover bread deposits with Omaka, as an input to mash in and obtain sugars from the bread.
Additionally, uncovering further potential synergistic opportunities beyond the scope of this thesis,
researchers have explored the potential product valorisation possibilities for BSGs incorporation into human
diets (Mussatto, 2014; Rachwat et al., 2020).

Furthermore, like BSG, BSY is also conventionally sold as feed for livestock. More specifically, BSY is
exchanged in its wet state to farmers, and due to its high digestibility rate amongst salmon, pigs, and rats,
this residue rich in vitamins and proteins, can be incorporated into some animal’s diets (Crawshaw, 2003;
@verland et al., 2013). Most importantly, due to post-treatment processes to inactivate the yeast, such
potential synergistic opportunities for Omaka would be unfeasible due to time, economic, logistical, and
technical barriers.

4.4, Vertical Hydroponic Farming Production Description

Nira Sverige is a case study representative of a Swedish SME VHF producing plants and vegetables (greens).
More specifically, as demonstrated in (Table 4), Nira Sverige’s production of greens is approximately 2500
kg per month, of which 4 people are employed. Despite producing some plants, greens equate to the largest
share of production, of which the main composition of greens produced are lettuce, pak-choi, and kale.

Table 4: Nara Sverige’s material and resource flows.

General

Number of Employees 4

Greens produced (kg/month) 2500

Production Inputs

Growing media (kg/month) 1780
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Fertiliser (Vmonth) 180

Packaging (#/month) 7,000
Water (hl/month) 354.9
Electricity (kWh/year) 570,000
CO; (kg/month) 450

Production waste & by-products

Organic waste (kg/month) 5500

Waste management Municipal waste collection
Cost of disposal (SEK/month) 3600

Unsold crops (kg/month) 240

Waste management Donated to charity
Cost of disposal (SEK/month) 0

Plastic waste (kg/month) 300

Waste management Municipal recycling facility
Cost of disposal (SEK/month) 750

Waste heat (kWh/month) N/A

Waste management Recirculated to co-located parking lot
Cost of disposal (SEK/month) 0
Wastewater (/month) 1000

Waste management Municipal Sewage System
Cost of disposal (SEK/month) 0

4.41. Inputs

Firstly, water is identified as the main input for the production process, with approximately 35,491 1 of water
being utilised per month. Secondly, the utilisation of growing media for production input amounts to
approximately 1780 kg per month. Thirdly, the input of liquid fertiliser equates to approximately 180 1 per
month. Fourthly, 7,000 plastic bags are utilised per month for the packaging of the finalised product. Fifthly,
the operations electricity consumption equates to 570,000 kWh per year. Lastly, CO2 as a production input
amounted to approximately 450 kg per month.

442, Outputs

With regards to the residual wastes, organic waste and wastewater is identified as the main by-products
produced from the greens production. Firstly, organic waste equated to the main by-product flow produced,
with 5500 kg being produced per month. Secondly, wastewater was identified as the second main by-product
flow, of which amounted to 1000 1 per month being generated. Thirdly, plastic waste contributed to
approximately 300 kg per month being produced. Lastly, unsold crops resulted in 240 kg per month.
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4.5. Vertical Hydroponic Farming Production Status-Quo

For Nira Sverige, organic waste and wastewater contributed to the two main by-products generated from
VHF production. Firstly, organic waste is collected by the municipality twice per week for a monthly fee of
3,600 SEK. Currently there are no IUS exchanges for the organic waste by-product; however, with a stable
supply of the waste, Nira Sverige expressed a willingness to engage in IUS relationships. Furthermore,
research between Nira Sverige and the IVL Swedish Environmental Research Institute have elapsed, of
which experiments have tested the potential symbiosis opportunity for Nira Sverige’s organic waste to be
upcycled and incorporated into the compositions of growing media for other food production processes, such
as mushroom cultivation.

Secondly, the wastewater produced is currently being discharged via the premises drains into the municipal
sewage system. Like Omaka, Néra Sverige is not levied a fee for its water discharge and treatment.

Thirdly, plastic waste generated largely composes of used trays, fertiliser tanks, gloves, and bags.
Interestingly, the used trays could be re-used; however, that would require them to be sent back to the
manufacturer in the Netherlands. Additionally, the number of used trays accumulated over a monthly period,
does not justify the economic feasibility of returning them to the Netherlands, and then to be shipped back to
Sweden. Also, there is not enough adequate storage space to amass the used trays prior to their shipment. As
a result, Nara Sverige currently discards their plastic waste once a month, at a recycling facility in Stockholm
County, for the cost of 750 SEK.

Fourthly, despite not being able to obtain the monthly waste heat value, it has been established that Nira
Sverige is recirculating their waste heat to a co-located parking lot.

Lastly, crops leftover, i.e., those that cannot be commercially sold, but good enough not to be discarded as
organic waste, are deemed unsold crops. Currently, unsold crops are donated to Sopkdket, of which provides
sustainable catering services, and provides food to those in need, contributing to reducing food waste in and
around Stockholm County (Sopkoket, 2024). For all intents and purposes, this charitable IUS exchange is
considered a by-product synergy because, Nira Sverige’s unsold crops are being utilised as inputs for meal
preparations by Sopkoket.

4.6. Future Synergistic Opportunities for Nara Sverige

Below (Table 5) demonstrates the identified synergistic opportunities for Nara Sverige’s by-products
generated by the production of greens.

Table 5: Identified synergistic opportunities for Nara Sverige’s greens production.*

By-product type Identified exchange Type of IUS Description and notes
synergy
Organic waste Growing media* By-product Organic waste from VHF has been tried and tested as a contributory

input for mushroom cultivation. More specifically, organic waste has
been incorporated into the composition of mushroom substrate blocks
Francesco Costa (2023).

Biogas & biofertilizer By-product On a larger scale, organic waste can be upcycled to produce fossil-free
production fuel for transportation, and biofertilizers for agricultural production
Bio-fertiliser (Biond, n.d.).
production
Compost By-product Organic waste can be utilised as compost to contribute to crop growth
(GreenState AG, n.d.)

Waste heat Recirculation of By-product Surplus heat produced from LED lights in VHFs can be recirculated into

surplus heat the district heating grid and utilised for residential and commercial

consumption (Sanjuan-Delmas et al., 2018; Gentry, 2019; Martin,
Poulikidou and Molin, 2019; Martin, Weidner and Gullstrom, 2022).

Organic waste is identified as having multiple by-product exchanges. Because of the nutrient-rich
composition from the organic waste, it is deemed a suitable growing media input. Interestingly, research
conducted by Costa (2023), uncovered that organic waste from VHFs can be exchanged with mushroom
farms, and inputted into substrate blocks for mushroom cultivation. Furthermore, there is ongoing research

4 Identified exchanges marked with a “*’ refer to future synergy opportunities between Nira Sverige, Stockholm Mushroom Farm, and Omaka.
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between academic, research institutes, and businesses to establish the most efficient composition of VHF
organic waste for producing substrate blocks (ibid).

Furthermore, with existing waste heat recuperation techniques, Nira Sverige could expand upon their
current IUS exchange, and synergise with residential and commercial spaces that encompass its premises.
Resultantly, Nara Sverige would be enabled to valorise waste heat as a product and set up a new synergistic
opportunity. Additionally, Nira Sverige’s organic waste could be diverted from municipal waste collection,
and directly exchanged with localised bio-refineries to produce biogas and biofertilizers for the Swedish local
and national energy markets. Nonetheless, despite Nira Sverige’s supply of greens being annually consistent,
the scale of its production could prevent opportunistic synergies from occurring due to barriers, such as a
lack of knowledge, interest from other businesses, economic feasibility, and technical infrastructure.

4.7. Mushroom Farming Production Description

Stockholm mushroom farm is a case study representative of a Swedish SME producing mushrooms. More
specifically, as revealed in (Table 6), the farm’s production of mushrooms is approximately 100 kg per
month, of which 2 people are employed. The composition of the monthly production equates to
approximately 60% oyster mushrooms (Pleurotus ostreatus), 30% lion’s mane mushrooms (Hericium
erinaceus), and 10% dedicated to other variants, like shiitake (Lentinula edodes).

Table 6: Stockholm Mushroom Farm’s material and resource flows.

General

Number of Employees 2

Mushrooms produced (kg/month) 100

Production Inputs

Mushroom substrate (kg/month) 183.9
Water (/month) 210.6
Additional inputs (kg/month)® 1.6

Production waste & by-products

SMC (kg/month) 140

Waste management (SEK/month) Mutual exchange & municipal recycling
facility

Cost of disposal 0

Mushroom scraps (kg/month) 5

Waste management Dried, and self-consumed

Cost of disposal (SEK/month) 0

CO: (kg/incubation + fruiting stages)® 48.6

Waste management None

Cost of disposal (SEK/month) 0

5 Additional inputs are considered plastics (gloves, bags, wraps, and cloth), paper, and cleaning detergents.

6 Noteworthy, due to the incubation and fruiting stages (3 flushes), amounting to 49 days in total, the calculations were made to account for the total cultivation
stages. The calculations used were aligned to research conducted by (Lemaitre, 2022).
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4.7.1. Inputs

Determined by mass, mushroom substrate is identified as the main input, with approximately 183.9 kg per
month being utilised. Noteworthy, the total mushroom substrate mass reflects both the mycelium
preparation, and the substrate block inputs. Moreover, water is found to be the second major input, of which
210.6 1 per month is utilised. The consumption of water is largely used as an input to produce the substrate
blocks, of which is required for mushroom harvesting. Lastly, additional inputs were plastics (gloves, bags,
wraps, and cloth), paper, and cleaning detergents, of which the mass of these inputs equated to roughly 1.6 kg
per month.

4.7.2. Outputs

For the by-products, it is identified that SMC, and mushroom scraps are the two prominent by-products
generated from mushroom production.” Firstly, SMC amounted to the main by-product flow, with 140 kg
being generated per month. Secondly, mushroom scraps, i.e., the mushroom feet, and those mushrooms
rejected due to late harvesting, equated to 5 kg per month. Lastly, additional by-products, produced in lower
quantities were waste plastics (trays, bags, wraps, and gloves), and paper.

4.8. Stockholm Mushroom Farm Status-Quo

Currently, due to the limited scale of the mushroom farm, and subsequent limited quantities produced, the
SMC is being exchanged mutually amongst friends and family for gardening purposes, i.e., soil enrichment,
and growing mushrooms in residential gardens. Furthermore, due to seasonal factors that limit its usage,
during wintertime the majority of SMC is taken to a recycling centre and discarded. Furthermore, despite not
representing IUS, the mushroom farm is able to recirculate the SMC back into the production process as a
substrate, therefore limiting the consumption of raw materials.8

Regarding the mushroom scraps, all the waste generated is currently being dried and utilised for self-
consumption by the employees. Lastly, the CO2 produced from the mushroom cultivation stages is not
recuperated but emitted into the local environment.

4.9. Future Synergistic Opportunities for Stockholm Mushroom Farm

Below (Table 7) demonstrates the identified synergistic opportunities for the mushroom farm’s by-products.

Table 7: Identified synergistic opportunities for Stockholm Mushroom Farm’s production.

By-product type Identified exchange Type of IUS Description and notes
synergy
SMC Growing media* by-product SMC is utilised as a growing media input for the cultivation of greens
(Francesco Costa, 2023).
Organic fertiliser By-product SMC can be used as an organic fertiliser for agricultural purposes
(Martin et al., 2023; Khalil et al., 2024).
Feed Material for Insects By-product SMC has been identified as feed input for insects (Li et al., 2020).
Mushroom Culinary usages By-product Mushroom leftovers are nutritious additives to meals (Sacks, 2019).
scraps
CO; Carbon Capture and Storage* By-product CO.produced can be captured and stored into modular devices for
further usages (Direct Carbon, 2024).

Foremost, the utilisation of SMC as a soil amendment and fertiliser for agricultural purposes has proven to
be effective and can help limit the use of raw materials. Furthermore, as reinforced by Costa (2023), research
indicates that Stockholm Mushroom Farm’s SMC can be exchanged as growing media for VHF systems, like
Nira Sverige’s. As a result, this research provided a plausible closed-loop system. For instance, Nira Sverige
can exchange its organic waste with Stockholm Mushroom Farm, whereby the organic waste can be upcycled
and added to substrate blocks, of which enables the cultivation of mushrooms (Ibid). After mushroom
cultivation, SMC by-product is produced, and therefore this can be exchanged with Nira Sverige and
repurposed as growing media input for their plugs, of which greens are produced, harvested, and sold, and
then the cycle starts over (Costa, 2023). Despite Costa (2023) alluding to the potential possibilities for CO.

7 For all intents and purposes, despite oyster mushrooms being the main product produced, the thesis focuses broadly on SMC, and not specifically on spent
oyster substrate.

8 Despite recuperating SMC and reintroducing it back into the substrate blocks for harvesting mushrooms, the yield does however decrease on each re-harvest
conducted.
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synergies between the mushroom farm and Nira Sverige, the scope of the study was limited, and research
was still a work in progress. Now, with the technological possibilities, both Ndra Sverige and Stockholm
Mushroom farm could jointly invest in a modular carbon capture device and recirculate the respired CO.
from the mushroom cultivation phases (Ibid). Nonetheless, there is a fundamental gap in supply and
demand; for example, Nira Sverige requires approximately 450 kg of CO. per month, while Stockholm
Mushroom Farm produce 48.6 kg of CO. per month. As a result, Omaka, with a surplus production of CO,,
could supply the shortfall required, and therefore a future synergy opportunity with the CO, by-product
could unfold between the three SMEs.

5. Discussion and Conclusion

This section encapsulates the principal findings and contributions presented in this thesis, offering insights into
their broader significance, and the implications of the research conducted. Also, it discusses the synergistic
opportunities for SMEs to participate within an IUS network, whilst highlighting the imperative drivers and
barriers to this network. Furthermore, this section delineates the limitations of this study, proposes avenues for
future research, concludes the paper, and reveals insights gained throughout the thesis process.

5.1. Exploring Potential Synergistic Opportunities for SMEs

The preceding section revealed that for the SMEs, there are some potential synergistic opportunities that
could elapse between all three.

Reﬁdenﬂ;;;:\\\\

Commercial )
Spaces

Organic
Waste

Growing
Media Input

Figure 2. Schematic overview presenting the potential synergistic opportunities for SMEs.

As reinforced by (Fig. 2), a potential IUS network is presented, of which reveals the potentiality for
synergistic opportunities between the three studied SMEs. Essentially, this IUS network is a system
expansion that builds upon what Costa (2023) had envisaged between Néara Sverige, and Stockholm
Mushroom Farm. Highlighted in yellow are the specific by-products generated from the SMEs respective
production processes, of which can be synergised and utilised as inputs to replace or limit the use of raw
materials (Fig. 2). For instance, Nira Sverige imports 450 kg per month of CO., however Stockholm
Mushroom farm produces approximately 48.6 kg CO, per month, while Omaka generates 933.3 kg CO. per
month. So, Néra Sverige’s reliance on CO. inputs can be prevented if Stockholm Mushroom Farm provided
all there CO., while Omaka can provide the shortfall required to replace Nira Sverige’s import. Resultantly,
this would leave Omaka with 531.9 kg of CO, to reintroduce back into the brewery process.
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Moreover, as revealed by Chrysargyris et al., (2019), and Martin, Poulikidou and Molin, (2019), paper waste
can be reutilised as an input for growing media. Resultantly, Omaka’s paper waste can be shredded down and
reutilised as an input for Néara Sverige production of greens within the VHF. Additionally, because Nira
Sverige recuperates their waste heat and channels it into the neighbouring parking lot, they can expand to
incorporate the waste heat into the local district heating system, of which can be utilised for residential and
commercial purposes. For future research purposes, by-products generated from the residential and
commercial spaces, such as organic waste, wastewater, and heat, could be recuperated and reintroduced into
this system. Lastly, Omaka’s BSG can be recuperate and utilised by Stockholm Mushroom Farm as an input
for their substrate composition.

Overall, this potential IUS network situation reveals that, by fulfilling Chertow’s (2007) 3-2 heuristic, there
are low-hanging fruits, Le., synergistic opportunities that can elapse between SMEs; however, whether this
comes to fruition is another discussion largely motivated by drivers and barriers to IUS.

5.2. Drivers & Barriers to IUS

There are plenty of reasons as to why the studied SMEs are driven to indulge in IUS and create synergies with
one another; however, there are many barriers that prohibit such synergies from elapsing and therefore,
negate the emergence of IUS opportunities.

521. Drivers

All SMEs are geographically co-located within 30-kilometres from each other, of which helps facilitates the
development of IUS by enabling efficient collaboration (Jensen et al., 2011; Chertow and Park, 2016).
Furthermore, as reinforced by the interviewees, being located near potential IUS partners, would
accommodate for reduced distances travelled, thereby reducing transportation costs, and environmental
damages incurred.

Furthermore, Chertow (2008) revealed that the presence of a common problem that is shared amongst the
SMEs can help motivate collaborations. For instance, as expressed by all SMEs, is that a lot of their by-
products are wasted, and therefore they are all willing to divert their respective waste streams to recuperate
by-products that can be reintroduced back into their own production processes and becomes valorised into
products and synergised with others.

Also, on the one hand, government regulations from the municipal and national level, help to stimulate
compliance with regulations on resource efficiency, emission reductions, and wastes (Domenech et al., 2019).
However, as highlighted, Omaka and Nara Sverige are not levied a fee for the disposal of their wastewater,
and therefore, this can deter both SMEs from seeking out synergistic opportunities. On the other hand, when
interviewees were asked about any knowledge to government support for contributing to IUS, or circular
initiatives, all of them expressed that no such support exist, or if they did, they were not aware of it. This is
reinforced by the EU Commissions assessment on Swedish SMEs, revealing the share of SMEs that have
support mechanisms for producing products is 9% below the EU average of 29.1% (EU Commission, 2023).
Alternatively, in 2020 Sweden’s government devised a national circular economy policy that identifies IS as
an essential way to fulfilling circularity (Haller et al., 2022). Furthermore, with the dissemination of
knowledge, the SMEs could tap into government grants and subsidies that are orientated towards research
and development between industry and academic institutions (Johnsen et al., 2015).

Additionally, with the variety of industries represented amongst the three SMEs, it is revealed that there is a
diverse industry mix that can help all three companies enhance their knowledge sharing and resource
availabilities, therefore helping to support IUS development (Lombardi and Laybourn, 2012; Chertow and
Park, 2016). Furthermore, all SMEs expressed a clear willingness to work with other companies, beyond their
niche industries’, to collaborate and strive towards more urban closed-loop systems.

5.2.2. Barriers

Levels of trust and transparency are imperative, and despite all SMEs expressing a clear willingness to
collaborate and share resources with one another, the actuality of this happening is ambitious. For instance,
one, or all companies might hesitate to share information with one another, and therefore scuppering any
future synergistic opportunity from occurring (Walls and Paquin, 2015; Chertow and Park, 2016).
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Moreover, resource reliability is key for SMEs to have a secure supply to be able to produce their products.
For instance, in (Fig. 2), if all three decide to setup a common CO, IUS synergy, then a secure supply of CO.
coming from Stockholm Mushroom Farm and Omaka, is key for Nira Sverige to be able to securely produce
their greens (Walls and Paquin, 2015). Consequently, the scale of the supply produced, and the demand
required is dependent of the size of operations. For the three SMEs, there is a significant gap in production
input and output between Omaka and Stockholm Mushroom Farm, with Nira Sverige being more aligned
with the former. This scale and size mismatch can affect the feasibility of realising IUS for SMEs.

Furthermore, a secure supply of by-product also refers to the condition of the material or resource being
exchanged. For example, any by-product exchange of BSG would require appropriate storage, and if
applicable, treatment to prevent spoilage (Fig. 2). However, if any spoilage were to occur, then resource
instability would arise and destabilise future synergistic opportunities amongst the SMEs (Ibid).
Furthermore, reliability of a secure supply is also inextricably linked to trust. For instance, in the former
scenario, if spoilage of BSG did occur, then the recipient company of the by-product would be cautious of
receiving further organic waste, therefore leading to imbalanced levels of trust between the companies.

Also, on the one hand, there are significant cost reductions associated with IUS-driven collaborations,
especially when it comes to shared waste management and transportation, and the replacement of material
inputs (Gibbs and Deutz, 2007; Chertow and Ehrenfeld, 2012; Domenech et al., 2019). On the other hand,
SMEs are economically constrained and therefore, any IUS synergistic implementation would incur costs.
For instance, in some cases IUS synergies can elapse immediately, and therefore appropriate infrastructure
(social, capital, and technological) is required (Ibid). Furthermore, some of the future synergistic
opportunities that have been outlined for the SMEs require intermediate processing prior to usage, and these
processes would require knowledge, technology, and capital, all of which is difficult to fund, source, and
implement at scale of an SME.

Inextricably linked to the above barriers, power asymmetries could elapse between the SMEs (Chertow and
Park, 2016). Such power asymmetries could create a reluctance for the SMEs to collaborate with one another
due to believing that they are solely dependent on one another. This reluctance can lead SMEs to become
foot-loose and leave their IUS partnership, thereby potentially severing synergistic relationships created
between all three partners involved (Ibid).

5.3. Limitations

Upon consideration, several limitations for this thesis could be drawn, of which may have affected the
reliability of the results presented, generalisability of results to wider applications, the validity of the
conclusions inferred, and the reproducibility of the study to future academic research.

Firstly, in relation to reliability of the results produced, there was a language barrier present throughout the
research. Despite being able to accurately translate Swedish documents into English, all the interviews were
conducted with native Swedes. As a result, language barriers during the interviews may have resulted in
misinterpretations of questions asked, and answers given. A solution to limit potential inaccuracies was
participant validation, I.e., to send the raw transcript to the interviewee to confirm whether the initial results
were representative of the interview conducted. Importantly, participant validation also helps to increase the
accuracy of the results obtained from the interviews, thereby ensuring that the conclusions drawn are
represented and reflect the interviews conducted. Furthermore, regarding Omaka, this study only focused on
their beer production processes, and not on their restaurant operations. Resultantly, this neglect for the
whole system leads to some inputs, outputs, and by-products being unaccounted for, and therefore, effects
the validity of the results produced.

Secondly, regarding generalisability, the number of interviews conducted for each SMEs was limited to one,
although an expert of their respective production process, the reliance on the limited perspectives from each
SME inherently reduces the applicability of the findings to alternative settings. Furthermore, by solely
focusing on three specific SMEs from the food and beverage industries helps narrow one’s scope; however, it
becomes difficult to generalise findings to other similar SMEs in Sweden. Arguably, generalisability is
difficult to establish for such research due to results being determined largely by local conditions. For
instance, the same set of SMEs sectors (foods and beverages) that were studied in Stockholm County, may
bear different results if located in alternative locations.
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Thirdly, when reflecting on the validity of the results, evident limitations can be reflected upon. Firstly, the
fact that one interviewee was interviewed from each of the three SMEs begs to question the robustness of the
conclusions drawn. Nonetheless, measures were taken to mitigate such limitations. For instance, employing a
mixed-methods approach enabled triangulation to check and support the results from the methods adopted.

Fourthly, the reproducibility of this study is important to consider, particularly given the inherent limitations
and specific scope on SMEs within Stockholm County. As stated above, adopting a mixed-methods approach
helps to improve the reliability of the findings, whilst simultaneously providing the study with a structured
methodological framework that can be replicated by other researchers. Nevertheless, several factors added
complexity to the study such as: language barriers, geographical specificity, reliance on single expert
interviewees for each SMEs involved, and the time-consuming nature of the participant validation process.
So, while a methodological framework is present, and can be replicated, the identified challenges must be
addressed to ensure greater reproducibility and validity of future research in similar contexts.

Taken altogether, a method that would have contributed to improving the robustness of the results, is a
synergy workshop. A synergy workshop brings together experts, practitioners, and academics to deliberate
their respective inputs and outputs, and therefore helping to envisage future synergistic scenarios, of which
are relevant for companies’ business models, and realistic for implementation (Martin et al., 2009).
Unfortunately, due to time constraints, a synergy workshop could not be performed; however, this is an
imperative facet that should be considered for future work.

5.4. Future work

Unfortunately, due to time constraints, the study was not able to map out Omaka’s entire industrial
operations. For example, attached to their microbrewery activities is a restaurant, of which presents a whole
array of by-products that could enhance the mapped-out IUS current situation, and subsequent future
synergistic opportunities. Furthermore, Stockholm County is a large municipality with a plethora of various
SMEs, and therefore, future research should encompass a wider range of food and beverage SMEs, and map
out whether any IUS are occurring, and if so, to identify future synergistic opportunities. Most importantly,
data is key, and therefore future work should prioritise setting up a Stockholm County IUS repository,
whereby SMEs voluntarily provide data outlining their inputs and outputs. This would be beneficial and
groundbreaking to help IUS academics begin to map out, link-up, and identify future synergistic
opportunities between SMEs operating with Stockholm County.

Moreover, despite being limited in scope for the thesis, it would be interesting to follow-up with the social
and economic benefits and drawbacks of participating in IUS. Lastly, despite unintentionally finding only by-
product types of IUS synergies, they are indeed not the only synergies possible. For example, future research
should aim to focus on uncovering utility-sharing, service-sharing, and knowledge-synergy types, thereby
having an eclectic insight to IUS, as opposed to just conventional by-product synergies.

5.5. Conclusions

This thesis has explored the potential for IUS within the context of SMEs within the food and beverage sector
of Stockholm County. The aim was to critically investigate the current state of IUS options for these SMEs,
and to recommend strategies for enhancing symbiotic exchanges to develop a circular food system. As a
result, by examining the case studies of a microbrewery (Omaka AB), a VHF (Nira Sverige AB), and a
mushroom farm (Stockholm Mushroom Farm AB), this research has provided valuable insights into the
existing and future TUS network in Stockholm County.

Importantly, when reflecting on the thesis’ results, the investigation into the current state of TUS in
Stockholm County revealed several key findings. Firstly, with regards to uncovering existing examples of IUS,
the research identified various existing IUS practices amongst the SMEs studied. For instance, Nira Sverige
recirculates its wastes heat from its green production to the co-located parking lot. Alternatively, Stockholm
County Mushroom farm currently utilise organic waste from VHF production processes, as a substrate for
mushroom cultivation. These examples illustrate that IUS is already present in Stockholm County, albeit on
the limited scale that was studied. Secondly, with regards to the types of exchanges presented, all the
exchanges discovered were characterised as by-product synergies and therefore, this illustrates that
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alternative types of synergies are either unpopular, or unexplored for SMEs. Thirdly, with regards to the
identified by-products for future synergies, the study was able to identify several by-products from all SMEs
that hold the potential for future synergistic opportunities. For instance, wastewater streams, BSG, CO,, and
organic wastes were revealed as prominent valuable resources that could be exchanged and synergised with
other industry’s production processes in Stockholm County.

Moreover, the goals of this thesis were largely met. Ultimately, the investigation provided a comprehensive
understanding of the current state of IUS among food and beverage SMEs in Stockholm County and
managed to identify tangible opportunities for enhancing these symbiotic exchanges. Furthermore, the cases
demonstrated that although IUS practices do exist, there is still a significant potential for expansion and
optimisation.

Within the broader scientific context, the local case study results highlight the applicability of IUS strategies
for similar urban contexts. Nonetheless, generalising the findings to alternative locations may be challenging
due to specific local conditions and alternative factors. Furthermore, the reproducibility of this study is
supported by a structured methodological framework, yet challenges arise and therefore, these must be
resolved to ensure academic rigour for future research.

Lastly, several important insights were gained and emerged from this thesis. For instance, the importance of
collaboration proved that any successful implementation of IUS requires strong collaboration amongst
various actors, including SMEs, municipal authorities, and research institutions. Secondly, IUS offers
substantial economic and environmental benefits, by transforming wastes into valuable resources
transaction costs are negated, and SMEs can reduce costs and maximise profits in a bid to enhance
sustainable practices. Nevertheless, such benefits can only be reaped once barriers are overcome, of which
can scupper any IUS relationship from existing. Lastly, there is an imperative for policy support. For
instance, policy frameworks that support and incentivise IUS practices are lacking, and if available are
difficult to find. After all, government initiatives and regulations can help play a significant role in
encouraging SMEs to create IUS networks, exchange by-products, and set up synergies. Overall, this thesis
underscores the potential of IUS to transform urban food production systems in Stockholm County. Thus, by
leveraging the principles of the circular economy, with an IUS approach, SMEs can play a pivotal role in
creating sustainable and resilient urban environments. As a result, future research should continue to
explore innovative IUS practices and develop strategies for their wide adoption in urban contexts.
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Appendix I: Interview Sheet & Informed Consent Disclosure

Interview Information Sheet

Researchers: Cameron Kennett, and Michael Martin

Research Topic: Uncovering Industrial Symbiosis and Mapping Circular Food Systems Explorations into Food &
Beverage SMEs in Stockholm County.

Responsible Organisation: KTH Royal Institute of Technology, and the IVL Swedish Environmental Research Institute

Contact information : Cameron.Kennett@ivl.se

Purpose:

The purpose of the interview and visit is to collect data on the resource inputs and waste flows of your production
processes to better grasp their current volumes, therefore helping to identify whether exchanges of resources and
material are already established. Furthermore, such information will help to identify the potential for synergistic

opportunities with the SME businesses co-located with your operations or located within Stockholm County.

Informed consent disclosure: Ultimately, by conducting an interview, you are agreeing to participate within the study,
of which results will be compiled into a scientific master thesis. Most importantly, the answers provided will be
treated confidentially, with your company’s identity remaining anonymous, unless mutually agreed otherwise.

How the results shall be handled:

Results obtained from the interview will be transcribed, and analysed to generate codes, of which will be utilised for
the basis of the results and analysis section of the thesis. The identity of all the participants will remain anonymous,
otherwise mutually agreed. Furthermore, the thesis will become an open-access document, after it has been
reviewed by the examinations committee, and therefore, results may be quoted in the thesis and other works, as a
result, you will be able to see view the thesis via the KTH DiVa portal after it has been published.
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Appendix Il: Interview Guide

Semi-Structured Interview Questions: Main leading questions for establishing production and current

system dynamics.

1) What type of raw materials do you use?
- Where do you buy your raw materials from, and in which quantities?

- Do you know of any waste that can replace any of your raw materials?

2) How much do you produce each week/month/year?

- What kind of by-products, and/or waste are produced during the process
- How much of these by-products/wastes are produced?

- How often do they occur?

- How do you currently dispose of your by-products and wastes?

- What are the costs for disposal?

3) Are there any kind of extra logistics, e.g. packaging, warehouse, required for your product?
- Are there any wastes produced during those steps?

- How do you deliver your products to your customers?

Further question focusing on Urban Industrial Symbiosis (U.L.S.):
1) Do you see any possibilities on where your by-products could be used as raw materials?
- Do the wastes need further processes (or use upgrading) to be used?

- If Yes: why does the wastes require further processing (or use upgrading)?

2) Are you currently exchanging resources with other companies?

IF YES:

- How did this start, and why do it?

- What do you believe are the main drivers and challenges for its implementation?

- How does the symbiosis work? More specifically, on what basis? Contractual, Reliability (Mutual Agreement),
Logistically, and/or Financial Transactions?

- Are you willing to engage in further partnerships?

IF NO:

- Are you familiar with the concept of urban/industrial symbiosis?

- What are the reasons for not participating in it?
- Would you like to engage in resources exchange partnerships?
- If so, how could you foresee your by-products and wastes being used?

3) Are you aware of any governmental support for implementing resource exchanges?

4) Do you have any further comments or inputs that you feel were not addressed in the interview, that you would

like to bring to my attention?
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Appendix lll: Inductive Thematic Analysis: Qualitative and Quantitative Coding

Underneath, please find an example of how both qualitative and quantitative topic codes were conducted within this
study. This short excerpt was extracted from an interview conducted with Hedda Spendrup — Head Brewer at Omaka.

Question: How much beer do you produce each week/month/year?

Answer: Roughly 280,000 HL/Year.

Question: What kind of by-products and/or wastes are produced during the production process?
Answer: CO2, BSG (Brewers Spent Grain), yeast mixed with hops, and trub.

Question: How much of these by-products/wastes are produced during the production process?

Answer: | don't know the truth, but | would say that it's maybe 2 kilos of trub from each brew. So, 2 kilos from 1000
litres.

Question: How do you currently dispose of your by-products and wastes?

Answer: Everything is put in sewage except for the BSG, and the BSG gets sent to the Swedish Biogas plant.

Question: Do you see any possibilities on where your by-products could be used as raw materials?

Answer: We've used some of the BSG in our bread making, and some beer and wort as well, but it's such a tiny
amount.

With the above mentioned, the following table demonstrates how the data was processed to create both quantitative
and qualitative topic codes: Quantitative Topic Code Example

Quantitative data The microbrewery produces around 2 Kilos of trub from each brew, which equates to 2
kilos from 1000 litres.

Qualitative coding: “Roughly 280,000 HL/Year.”
Statement

Qualitative coding, topic | The above statement was coded into “280,000 HL/Year” and was incorporated into the
coding microbrewery’s main resource and materials flows table 3.

Qualitative Topic Code Example

Quantitative data “Everything is put in sewage except for the BSG, and the BSG gets sent to
the Swedish Biogas plant.”

Qualitative coding: Statement “Municipal Sewage System”

Qualitative coding, topic coding The above statement was coded into “Municipal Sewage System” and
was incorporated into the microbrewery’s main resource and materials
flows table X
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