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In order to enable industrial symbiosis (IS) as an approach for regional sustainable development, it is important
that stakeholders involved in facilitating symbiotic exchanges can measure and comprehend the potential
beneﬁts and impacts. However, previous assessments have been sporadic and limited to only a few indicators,
primarily focused only on existing IS examples or networks and very few have examined potential developments.
This study expands the assessment of IS networks by reviewing the environmental and socio-economic implications of an emerging network on the west coast of Sweden using life cycle assessment and socio-economic
assessments to illustrate the implications for the ﬁrms of the network and regional sustainability. The results
suggest that the IS network has the potential to make a positive contribution to the environmental performance
of the industries and the socio-economic status of the region. Of key importance is the potential to cascade the
use of nutrients and avoid large eutrophication impacts to the neighboring sea in addition to the large greenhouse gas emissions reductions by avoiding and replacing conventional processes and products. The socioeconomic assessment illustrated that the IS network could make a substantial contribution to the region for job
creation, revenues, local skills base, research and innovation and regional identity. The results provide insights
on the potential of industrial symbiosis for regional sustainable development, which may be important for decision makers, ﬁrms involved in the network and municipalities, nationally and internationally to advance local
eﬀorts with facilitating industrial symbiosis and to understand how these networks can be assessed.

1. Introduction

performance of IS networks; see e.g. discussions previous reviews of IS
and sustainability assessments in Chertow and Park (2016) and Martin
et al. (2015). As such, it is often presumed that industrial symbiosis
networks create beneﬁts for society and for the ﬁrms; generally referring to environmental and economic beneﬁts, see e.g. Dong et al.
(2013) and Martin et al. (2015).
Recent literature of the environmental sustainability of industrial
symbiosis has primarily reviewed the resource use and environmental
implications using e.g. LCA (Chertow and Lombardi, 2005; Dong et al.,
2014; Martin, 2013; Martin et al., 2015, 2017; Kim et al., 2018b;
Mattila et al., 2012; Sokka et al., 2011; Hashimoto et al., 2010). Many
of these studies focus primarily on resources and GHG emissions.
However, reviews of the other sustainability pillars, related to the
economic and social impacts of IS networks, are less frequent; although
some examples exist reviewing economic implications (Dong et al.,
2013). Nonetheless, socio-economic analyses of industrial symbiosis
networks have generally been sporadic and relatively simple, focusing
on jobs and savings from reduced waste disposal; see e.g. (CECP, 2007;
Paquin et al., 2015). In general, there has also been little context

While industrial symbiosis has been studied within industrial
ecology for decades, the concept has seen increased attentional and is
currently being promoted as an approach to promote the circular
economy by creating more resource eﬃcient production systems
(European Commission, 2015; Lazarevic and Valve, 2017). Industrial
symbiosis is recognized as an approach where ﬁrms collaborate in a
collective approach to create competitive advantages through resource
exchanges, where no ﬁrm is seen as an island but interacts with other
ﬁrms to create mutual beneﬁts, promoted through geographical
proximity (Chertow, 2000) in addition to knowledge and innovation
(Lombardi and Laybourn, 2012). There are many regional examples of
industrial symbiosis worldwide; see e.g. previous studies and reviews of
IS networks in (Chertow and Lombardi, 2005; Dong et al., 2014, 2013;
Kim et al., 2018a,b; Martin and Eklund, 2011; Yu et al., 2014; Liu et al.,
2018). Nonetheless, much of the literature has been concerned with
reviewing, or uncovering developed symbiosis networks, while there
are few comprehensive sustainability assessments focusing on the
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reviews the potential environmental and economic beneﬁts of the IS
network.

provided (for example in comparison to production volumes) on the
network in terms of the signiﬁcance of its contribution to the local situation (Harris and Pritchard, 2004; Jacobsen, 2006; van Beers et al.,
2005). Considerations as such are crucial if we are to understand the
actual contribution that industrial symbiosis can make toward regional
sustainable development. Furthermore, as suggested in Martin et al.
(2015) it will be important to move away from assessments of the
symbiotic network, and understand the implications for the ﬁrms in the
network and provide context for regional sustainable development and
support for IS networks.
In order to enhance and embrace industrial symbiosis as an approach for regional sustainable development, it is important that the
ﬁrms and regional authorities are aware of the potential beneﬁts provided. Therefore, this study aims to assess and review the environmental and socio-economic implications of the emerging IS network in
the Sotenäs region of Sweden by outlining the potential beneﬁts and
impacts of the evolving IS network for the ﬁrms involved and for regional sustainable development.

3. Method
3.1. Environmental assessment
The assessment of the environmental impacts (and beneﬁts) of the
emerging IS network is based on the methodology outlined in Martin
et al. (2015) for using LCA to review the environmental performance of
IS networks; in this case, following the system expansion method and
employing the 50/50 method outlined to avoid conventional allocation.
The approach allows for the review of both the impacts from the network (as a whole) and the beneﬁt for individual ﬁrms (and subsequent
products) in the network, which again is lacking in many previous
studies.
The system boundaries of the study include the inputs for material
and energy, transportation of raw materials and products and processing. As the approach uses a system expansion method, the replacement
of conventional products and utilities are included, although the consequences of and ﬁnal waste handling of by-products and wastes
leaving the IS network are not included.
The functional unit for the assessment is the annual output of the
main products of the system, in order to allow for comparison to a
reference scenario and any future scenarios. Fig. 3 provides a review of
the functional unit (F.U.) of the system (shown as dark arrows leaving
the system boundary). This includes the collected output of ﬁsh products from the ﬁsh industry cluster, electricity from the biogas plant,
wastewater output, salmon from the salmon farming operations and
silicon production from the algae farm. Furthermore, Fig. 3 reviews the
exchanges, credits for by-products (shown as “avoided” products and
processes) and allocated impacts.

2. The evolving IS network in Sotenäs
This study reviews an evolving urban IS network in the municipality
of Sotenäs, Sweden (see Fig. 1) which has been facilitated by the Sotenäs Symbioscentrum, with the overall goal to create green, local jobs
while contributing to a better environment and sustainable future. A
number of synergies between industrial actors have been realized, and
several exchanges are awaiting permits in order to implement the necessary infrastructure to allow for the exchanges to ensue. These include renewable energy, food production, aquaculture, algae production, marine technology and innovative products upcycling waste heat,
ﬁsh industry waste and other wastes from the neighboring sea to create
value-added products and processes. The network includes several
current ﬁrms involved in ﬁsh processing industries, algae production, a
system for recycling plastic wastes from the sea and a land-based
salmon farm. In the future an anaerobic digestion (biogas) plant will be
included, allowing for many of the synergies to be realized. Further
details of the exchanges are outlined in subsequent sections and depicted in Fig. 2.
It is anticipated that the current, developing and future synergies of
the Sotenäs IS network will lead to beneﬁts for the region and ensure a
sustainable seafood and marine industry in the region. Thus, this study

3.1.1. Scenarios
In order to assess the environmental performance for the development and evolution of the Sotenäs IS network, several scenarios were
developed. These included a scenario to review the performance of a
developed industrial symbiosis network in the near future and comparing this to a reference system, i.e., with a similar output, but no IS
network in place.

Fig. 1. Location of the emerging IS network in Sotenäs.
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Fig. 2. Depiction of reviewed exchanges between the diﬀerent ﬁrms in the Sotenäs IS network. Flows of wastewater are denoted with dark-dashed arrows. Flows of
biowaste are denoted with double lined arrows. Flows of primary biomass are denoted with dark arrows. A light arrow from the WWTP denotes the discharge of
wastewater to the sea. Finally, a dark arrow into FF NORDEN denotes the ﬂow of wastes from the sea.

Fig. 3. System description reviewing input and outputs out of the diﬀerent clusters of ﬁrms in the Functional IS scenario. The dashed line represents the system
boundary of the study. Other boxes and arrows denote main outputs (dark blue arrows out of the boundary), avoided products and processes (gray dashed boxes and
arrows), by-products (light blue boxes), applied impacts (dark gray boxes and arrows) and exchanges (thin blue arrows). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article).
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sea. Wastes were assumed to replace mixed plastics and steel. Table A.4
of the Appendix provides further details on the material and energy
ﬂows for FF Norden.
3.1.1.1.5. Algae. Information on algae production was obtained
from Swedish Algae Factory (2017). Further information on nutrient
demands for algae production (diatoms), and related production details
for Swedish Algae Factory were obtained from Shavalieva (2016) and
Kaal (2017). Further details on the material and energy ﬂows for the
Swedish Algae Factory are provided in the Appendix, Table A.5.

3.1.1.1. Functional IS scenario. In the current stage of development, the
network is in an embryonic form consisting of several pilot companies,
and is not yet fully operational. Therefore, assumptions were made
based on prognoses from the companies currently involved for a
functioning network in the near future, i.e., within ﬁve years, for the
Functional IS scenario assuming that the symbiotic network develops
from the current visions and pilot systems in place; see Fig. 3. The
following subsections provide information on the modeling of the
diﬀerent clusters and ﬁrms. These included ﬁrms in the clusters for
ﬁsh/food, waste treatment and energy, algae, salmon farming and
plastic recycling.
3.1.1.1.1. Biogas
and
Wastewater
Treatment
Plant
(WWTP). Modeling of the anaerobic digestion (biogas) plant inputs
and outputs was based primarily on information provided by Rena Hav
(2014). This included inputs such as the total amount of ﬁsh wastes
from the diﬀerent ﬁsh processing plants and land-based salmon farm
sites. Data for methane conversion from anaerobic digestion of ﬁsh
wastes were developed based on data provided in (SGC, 2009). The
replacement of conventional fertilizers from biogas digestate was
modeled based on (Martin et al., 2017). Modeling of the biogas
system, e.g., energy inputs per output of biogas was developed from
data in (Martin, 2015; Martin et al., 2014) for co-digestion plants.
It is assumed that all ﬁsh wastes are transported by truck a short
distance to the biogas plant; a distance of 5 km total was assumed to
include transport to the facility and for other maintenance.1 Additionally, it was assumed that there is a 1% methane slip and there is
no ﬂaring of biogas. The biogas is used to produce both heat and
electricity. For this system, the electricity was assumed to be the main
product of the system; similar to assumptions made in Martin (2015)
(Table 1).
The WWTP inputs and outputs were also developed based on information provided in Rena Hav (2014) and Carlsson (2017). These
included the amount of wastewater sent to the WWTP and thereafter
used in the biogas plant. Emissions for the Rena Hav WWTP were obtained from EcoInvent v. 3.3 (Ecoinvent, 2015). All LCI data used and
their sources are outlined in Table A.1 of the Appendix.
3.1.1.1.2. Salmon farming. Salmon Farming for the Smögenlax
plants at Ödegård and Hagaberg (labeled Smögenlax Öde and
Smögenlax Haga respectively) were modeled based on Recirculating
Aquaculture Systems (RAS). They were modeled using information
from Smögenlax (2014), in addition to the information available in Colt
et al. (2008); d’Orbcastel et al. (2009). Fertilized roe which are reared
at the West Coast Smolt plant are assumed to be transported by air
freight to Sweden from Iceland (Carlsson, 2017). It was assumed that
salmon farming requires 1.1 tonnes of feed per tonne of salmon (live
weight), i.e., ﬁsh feed conversion ratio (FCR). See further details on the
inputs and outputs of the salmon farming in Table A.2 of the Appendix.
3.1.1.1.3. Food/Fish industry. The production of ﬁsh products at
Orkla, Leroy and Marenor were based primarily on LCI data for ﬁsh
products from e.g. Buchspies et al. (2011). Further data for canning,
smoking and other processing were provided by Norden (2015).
Material and product inputs and outputs for Orkla, Leroy and
Marenor were provided by Rena Hav (2014) and Norden (2015).
Further details on the material and energy ﬂows, and synergies, for
the ﬁsh industry ﬁrms are provided in Table A.3 of the Appendix.
3.1.1.1.4. Plastic recycling. The plastics recycling operations
comprises a collection of ﬁshing boats delivering nets and other
plastic wastes from the sea, through Fiskareföreningen (FF) Norden,
for recycling. As any of these boats also delivered ﬁsh (main products of
these systems) it was assumed that these boats supply the Marenor
operations with herring and other ﬁsh. It was assumed that only those
boats supplying ﬁsh to Marenor provide all the plastic wastes from the

3.1.1.2. Reference scenario. A reference scenario for the environmental
assessment was chosen to review a system of similar function, with no
symbiotic links between the diﬀerent ﬁrms. As several authors have
noted (see e.g., Martin et al., 2015; Sokka et al., 2011; Mattila et al.,
2012), the selection of a reference system is of utmost importance in
order to provide a robust comparison to review the potential beneﬁts of
an IS network against. As such, the outputs were set equivalent to the
Functional IS scenario. Conventional processes and products were
modeled instead of the Functional IS scenario. For example, data for
traditional salmon farming, i.e., oﬀ-shore systems, were modeled
instead of land-based recirculating systems as the network is located
on the coast. The reference scenario also included shipping of ﬁsh
wastes up to 250 km to biogas plants outside the region. In the
reference scenario the wastewater from the ﬁsh processing ﬁrms was
also assumed to be processed through basic WWTP plants and
thereafter released to the sea; similar to the current system. Data for
the nutrient content of this wastewater was developed from Rena Hav
(2014) and Smögenlax (2014) (Fig. 4).
For the reference scenario, it was assumed that the biogas plant
would operate without synergies with neighboring ﬁrms; i.e. relying
entirely on imports of substrates from outside the region. Additionally,
it is assumed that digestate is transported to farms outside the region.
See Appendix (Tables A.6–A.10) for a review of the inputs and outputs
for the reference scenario. Sensitivity to data choices and reference
scenario selection are also outlined in the analysis in subsequent text.
3.2. Socio-economic assessment
The socio-economic assessment was conducted to provide an analysis of the potential implications of the IS network development on key
regional sustainability indicators. The methodology consists of two
parts: a quantitative analysis based on selected, available indicators;
and qualitative/semi-quantitative analyses. This combined approach is
required due to data constraints and the challenges of assessing many
socio-economic indicators quantitatively. It therefore aims to provide
the most complete and robust analysis possible.
The analysis started with a baseline scenario,2 i.e. a review of the
current situation in Sotenäs, to provide a context for the socio-economic
analysis. Key socio-economic indicators such as population, employment, GDP and tax revenues were identiﬁed and compared to the
Swedish average. Additionally, the trends of the indicators over the past
10–20 years were reviewed. The information was obtained from statistical sources in Sweden; see Appendix, Table A.12.
For the quantitative assessment, the indicators were selected based
on a review of those for which data existed and could be modeled for
future quantities, and through interviews with the network coordinators. For example, the coordinators felt that number of visitors
was an important indicator for economic value to the region and the
potential for research and development contacts. As the quantities of
both jobs and economic impact are relatively low we did not include
any analysis that included extended economic eﬀects such as gross
2
Unlike the environmental assessment, the baseline scenario is based on the
current situation and future projections and is not constrained by e.g. the choice
of a functional unit with similar output.

Those ﬁrms sharing a by-product have been allocated 50/50 share of the
transportation burden.
1
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Table 1
Inputs and outputs for the Rena Hav Biogas.
Rena Hav

Inputs

Material

Energy
Outputs

Material
Energy

Flow

Origin/
Class.

Amount

Unit

Use/
Destination

Transp.
(km)

Fish Waste (Orkla)
Fish Waste (Leroy)
Fish Wastes (Marenor)
Fish Wastes Smogenlax Öde
Fish Wastes Smogenlax Haga
Water
Electricity
Heat
Biofertilizer
Methane Slip
Electricity (F.U.)
Heat

Input-Symbios (Fish/Food)
Input-Symbios (Fish/Food)
Input-Symbios (Fish/Food)
Input-Symbios (Smögenlax)
Input-Symbios (Smögenlax)
Input-Symbios (WWTP)
Energy
Energy
By-Product
By-Product
Main Product
By-Product

198 00
3 110
4 950
2 900
60.4
0.0
2.1
1.3
30 000
12.4
7.50
8.40

Tonne
Tonne
Tonne
Tonne
Tonne
m3
GWh
Tonne
Tonne
GWh
GWh

–
–
–
–
–
–
–
–
Market
–
Market
District Heat

0.5
0.5
2.5
2.5
2.5
–
–
–
100
–
–
–

Flow

Origin/
Class.
Input-Symbios (Smögen
Input-Symbios (Smögen
Input-Symbios (Smögen
Input-Symbios (Smögen
Energy
Main Product
By-Product

Amount

Unit

150 000
50 000
30 000
55 150
–
228 120
46 000

m3
m3
m3
m3
GWh
m3
m3

Use/
Destination
–
–
–
–
–
–
IS-Biogas Plant

Transp.
(km)
–
–
–
–
–
–
–

Rena Hav WWTP

Inputs

Material

Outputs

Energy
Material

WW Orkla
WW Leroy
WW Marenor
WW Smögenlax
Electricity
Treated Wastewater (F.U.)
Water to Rena Hav Biogas

Lax)
Lax)
Lax)
Lax)

Fig. 4. Review of the separate clusters (with no synergies) in the Reference scenario.

of these indicators, the current baseline status was assessed, and then
estimated and modeled based on the future implications of the network
after ﬁve and ten years of development. Potential revenues were estimated by the municipality and conﬁrmed through separate calculations
based on perceived production volumes and sales costs of the commodities. Estimates of visitor numbers were projected from recent ﬁgures to the Sotenäs Symbioscentrum and those staying in local hotels.

economic value added, as for instance performed by Cook and Kram
(2009).
The indicators selected were therefore jobs created or retained
through the network, number of new companies, potential revenue of
sales of the network, visitors to the region due to the network, revenue
from the visitors, savings on inputs and waste disposal and the extent of
funding for research and development linked to the network. For each
250
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Table 2
Socio-economic indicators for the semi-quantitative/qualitative assessment.
Social

Economic

1 Job retention and creation from synergy project implementation and operation.
2 Improvement and strengthening of the local skills basis.
3
4
5
6

Impact on R&D and local innovation.
Regional identity/ pride /sense of value.
Community engagement - are engagement processes in place and working eﬀectively?
Community engagement eﬀorts can beneﬁt from the platforms and processes established
for the realization of regional resource synergies.

Spending was based on an average visitor spending of 1 000 SEK per
day; see the Appendix for more details on calculation methods and
assumptions.
The method employed for the semi-quantitative/qualitative assessment builds on an approach developed by CECP (2007) and the International Institute for Sustainable Development (IISD, 2002). This was
selected as the most appropriate framework available and adapted for
the situation in Sotenäs, i.e. through the questions employed. The
adapted framework focuses on assessing the implications of the network on the regional sustainability through six social indicators and
nine economic indicators, as shown in Table 2. The assessment was
performed through interviews and consultation with key experts involved in the Sotenäs IS network development. This included representatives from all ﬁrms involved in the current system and those
planned to be involved, local decision-makers in the municipality, and
representatives from the Sotenäs Symbiosis Centre (see Appendix for
further details). For each of the indicators, speciﬁc examples from the
Sotenäs development or region were identiﬁed and qualitatively reviewed to provide a basis for scoring the potential impact of the network against the indicator. The score is a ﬁve-point system from 1 being
very negative, 3 neutral and 5 very positive (see the Appendix for more
information).

1 Economic viability of the project, and will the economy of the community be
improved?
2 Impact on costs for vital process inputs (including energy, water and
materials).
3 Impact on sales values as a result of on-selling of by-products.
4 Impact on operational eﬃciency and ﬂexibility of individual operations.
5 Impact on costs of environmental and other regulatory compliance.
6 Improvement in medium and long-term security of access to vital business
resource (e.g. land, ore, water etc).
7 Impact on company risk and liability proﬁle as a result of resource synergies.
8 Beneﬁt from improved relationships with government and external
stakeholders.
9 Impact on net contributions to the local economy as a result of synergy
project implementation and operation.

Fig. 5. Comparison of the GHG emissions (measured in Million kg CO2-eq annually) between the Functional IS and Reference scenarios.

4. Results
4.1. Environmental assessment
The results suggest that there is a large beneﬁt from the industrial
symbiosis network for the region, due primarily to reducing transportation, wastewater nutrient cascading and other synergies between the
industries involved in the Sotenäs IS network. The following sections
provide details of the impacts and beneﬁts created.

Fig. 6. Comparison of the eutrophication impacts (measured in tonnes PO4-eq
annually) between the Functional IS and Reference scenarios.

4.1.1. Reviewing the implications for the symbiosis network
The Sotenäs IS network can lead to a reduction of roughly 59 million kg CO2-eq emissions annually through the sharing of resources. The
largest reductions are illustrated when comparing the Functional IS and
Reference scenarios for the food and salmon farming cluster; i.e.
changes in the inputs and outputs for food producers and the apparent
emissions from the land-based salmon production. In the Functional IS
scenario, the largest GHG emissions derive from the food production,
i.e. from the ﬁsh processing plants (which dominate inputs and outputs
of the system). The next largest GHG emissions were from the salmon
farming; see Fig. 5.
When reviewing the eutrophication potential, once again the largest
potential eutrophication impact reductions stem from the food and the
salmon farming clusters. These impacts are dominated by the food industry; see Fig. 6.

4.1.2. Symbiosis beneﬁts for ﬁrms within the IS network
Fig. 7 outlines the impacts produced per company when comparing
the Functional IS and Reference scenarios and the relative contribution
to the overall impacts of each scenario; illustrating that all companies
within the IS network beneﬁt from the exchanges in the network.
As shown previously, the largest impacts from the system stem from
the food and ﬁsh cluster, i.e. Orkla, Leroy and Marenor. Leroy illustrates reduced impacts due in part to the reduction of conventional
salmon inputs, i.e. by sourcing salmon produced from Smögenlax. The
other producers do not signiﬁcantly reduce their impacts; primarily
owing to the signiﬁcant impacts of ﬁsh inputs. The ﬁrm with the largest
impact reductions was Smögenlax Hagaberg, when comparing the
Functional IS and Reference scenario. This is due primarily to the replacement of conventional salmon production; similar to Leroy.
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signiﬁcantly aﬀect the impact of the reference system.
There are signiﬁcant diﬀerences in available data for salmon
farming. To test the assumption this may have on the salmon farming
outputs for the reference system, ‘Reference 3’ tests ﬁgures for salmon
farming provided by Pelletier et al. (2009). It is apparent that the GHG
emissions may be signiﬁcantly reduced compared to the chosen reference system, nearly halving the potential beneﬁt of the IS network.
With this system, a signiﬁcant reduction in GHG emissions (roughly 30
million kg CO2-eq annually) are possible. Furthermore, there is a large
reduction in eutrophication impacts of roughly 100 tonnes PO4-eq annually when comparing the reference systems; thus stressing the importance of data choices in the reference system.
Fig. 7. GHG emissions for diﬀerent ﬁrms in the IS network, comparing the
Functional IS and Reference scenarios (measured in Million kg CO2-eq annually).

4.3. Socio-economic assessment
The current population of Sotenäs is 9 065 (2016) and covers an
area of 139 km2 (Ekonomifakta, 2018). Since 1968 the population
growth (measured over a three year period) has ﬂuctuated between
periods of high growth of almost 6% to declines of 3%. The latest period
of 2013–2016 has recorded a moderate growth of 1.5%. The municipality has a low unemployment rate of 4.2% (2016) compared to the
Swedish average of 7.6%. However, the region has an aging population
with an average of 49.1 years, which is the second highest in Sweden. It
can therefore be a challenge for companies to ﬁnd workers. Sotenäs
municipality is the largest employer with 925 employees, while Orkla is
the largest private employer with 275 employees. The GDP per inhabitant was 411 000 SEK in 2015, equating to a total regional GDP of
3.7 billion SEK/year. Further information on the key socio-economic
indicators can be found in Table A.12 of the Appendix.
The quantitative analysis of the socio-economic potential of the IS
network is shown in Table 4. This provides both the current status and
projections for 5 and 10 years into the future. Figures are based on
projections from the present number of jobs and companies. The ﬁgures
for 5 years are based on a conservative estimate and the ﬁgures for
10 years assume continued growth of the IS network (further details can
be found in the Appendix).
As illustrated in Table 4, there is already a signiﬁcantly positive
socio-economic impact even though the network is still in embryonic
form. If we assume a static GDP for the area of 3.7 billion SEK (based on
the ﬁgure above for 2015, which provides a conservative estimate for 5
years’ time), then the combined GDP would be 4.1 billion SEK.
Therefore the contribution of the network would be about 10% of the
Sotenäs GDP. Assuming a modest growth of the network, it is predicted
that the contribution of the network to revenues could develop to over
1 000 MSEK, which is about 21.3% of the expected total GDP (based on
an assumption that the total GDP of the rest of Sotenäs is close to today’s value and the symbiosis network is added to this).
In addition, the contribution to employment after 5 years of 100
jobs (or1.4% of the currently employed workforce); based on 81% of

Fig. 8. Eutrophication impacts for diﬀerent ﬁrms in the IS network, comparing
the Functional IS and Reference scenarios (measured in Tonnes PO4-eq annually).

However, this assumption is also tested in a sensitivity analysis in
subsequent text.
Similar to GHG emissions, the largest reductions of eutrophication
impacts stem from reducing the production of conventional salmon; see
Fig. 8. This is apparent for both the Smögenlax and Leroy ﬁrms, where
the conventional salmon is replaced by land-based salmon farming.
Large reductions are also apparent for the food/ﬁsh producers, Orkla,
Leroy and Marenor, due in large part to the reduction of direct emissions of wastewater to the sea. See also Table A.11 in the Appendix for
further details on the results for the diﬀerent ﬁrms and clusters.
4.2. Sensitivity to choice of reference scenario
In order to review the choice of reference system, the sensitivity to
the biogas plant was tested; labeled ‘Reference 2.’ In this case, it was
assumed that a CHP plant was installed to produce an equivalent
amount of electricity (main product) and heat. The sensitivity to this
choice is shown in Table 3. This choice would have resulted in an increase of roughly 2 million kg CO2-eq emissions annually and no
change of PO4 equivalent annually. As such, the choice did not

Table 4
Quantitative analysis of socio-economic indicators for Sotenäs, showing current
impact and expected impact at 5 and 10 year periods.

Table 3
Review of the overall impacts of the network for diﬀerent reference system
choices. Reference 2-using natural gas CHP instead of biogas production,
Reference 3-testing of salmon production data for conventional oﬀshore farmed
salmon production.

GHG Emissions (million
kg CO2-eq)
Eutrophication impacts
(tonnes PO4-eq)

1
2
3
4

Functional IS

Reference

Reference 2

Reference 3

154

215

217

185

5
6
7
8

287

676

676

583

9

252

Job retention or creation of the IS network
Number of new companies
Potential revenue of the network (MSEK/year)
Number of visitors due to the network
(persons/year)
Number of hotel nights / year
Spending due to visitors (estimated)
(MSEK/year)
Savings on waste disposal transport compared
to reference model levels (MSEK/year)
Funding of research and development linked to
network (MSEK/år)

Current

5 years

10 years

20
5
∼2
1 000

100
25
400
2 000

180
45
1 000
4 000

700
2.1

1 400
4.1

2 800
8.2

–

164

164

6

50

20
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et al. (2009). Consequently, the emissions from the references system
using the former dataset led to oﬀshore salmon farming with higher
impacts, both with regards to GHG emissions and potential eutrophication impacts; and subsequently larger beneﬁts to the system
with such a reference system. Nonetheless, the environmental beneﬁts
from the Sotenäs IS network were extensive.
The socio-economic assessments suggest that the network has the
potential to a make a positive contribution to the local social and
economic situation. One of the main drivers for initiating the network is
the need of the local food processing industries to have an increased
capacity as well as increased options for wastewater treatment. The
symbiosis network is therefore seen as not only a positive contribution
to local socio-economic prosperity but also to strengthen the existing
industry and ensure production is kept within the region, i.e., Sotenäs.
One of the key strengths of the socio-economic assessment has been
the ability to place the development within the context of the regional
status. It was possible to illustrate, for example, the signiﬁcance of the
eﬀects on local jobs and GDP. Meanwhile, a qualitative perspective was
also required to help understand some of the less tangible eﬀects such
as contributions to research and innovation, as well as aspects such as
regional identity, which can be important in such a small isolated town.
Such assessments have not been found in the literature where it is acknowledged, for instance that IS occurs within a social context but assessments are limited to total number of jobs and revenue without
context (Aparisi, 2016; Jacobsen, 2006). Other assessments have looked
at assessing IS networks using frameworks such as the six capitals
(human, ﬁnancial, etc.) but again fail to provide a context that allows
the signiﬁcance of the contribution to be assessed (Kurup, 2007). Such
assessments are greatly needed if the potential impacts and beneﬁts of
IS are to be understood and advanced.

the population being employed at some point in the year. Since this
calculation is not based on full-time employment, then it is a conservative estimate and the contribution to full-time jobs can be expected to be higher. After 10 years the network could potentially contribute to 2.5% of the local employment. This demonstrates the
potential critical contribution that the IS network could make to the
region.
The semi-quantitative/qualitative results illustrated a very high
positive impact (a score of 5) for the social indicators of jobs, improving
the local skill base, impact on R&D and local innovation, and regional
identity; see Table A.14 in the Appendix for further details and the
scores. Community engagement eﬀorts score lower, but are viewed as a
continuous process and an area that the Sotenäs IS network is actively
pursuing. According to those interviewed the future outlook for this
indicator is also positive with increasing collaboration expected
through eﬀorts with schools, academia and the local citizens and
companies.
For the economic indicators, sales value, operational eﬃciency,
security of business resources, and impact on risk and liability as a
result of industrial symbiosis received high scores (5 out of 5). The
remaining indicators of economic viability, impacts on resource costs,
impact on environmental and regulatory compliance, and relationships
with government and external stakeholders, also score highly (with a
score of 4 out of 5); see Table A.15 in the Appendix.
5. Discussion
5.1. Beneﬁts of the symbiotic network
Taken together, the environmental (LCA) and socio-economic assessments provide a comprehensive sustainability assessment of the
potential Sotenäs network. This strongly indicates that the IS development can make a signiﬁcant and positive contribution to the environmental performance of the industries and the socio-economic status of
the region. It is proposed that the comprehensive nature of this assessment provides a possible baseline model for future assessments of IS
developments. Thus, the results from the environmental and socioeconomic assessments may be important for decision makers to provide
justiﬁcation for further support to ensure the facilitation eﬀorts are
maintained or intensiﬁed and for industries to enter into new synergistic developments.
The LCA results illustrate the potential to reduce GHG emissions and
eutrophication impacts through synergies between the ﬁrms in the
network. Previous studies also ﬁnd similar results, although many of
these assessments focus only on GHG emissions or resource savings
(Chertow and Lombardi, 2005; Martin, 2015; Sokka et al., 2011;
Hashimoto et al., 2010).
In this study, the beneﬁts and value of cascading nutrients and
wastewater were reviewed; and ultimately the reduced potential eutrophication impacts this implies. Such studies are rare in the industrial
symbiosis literature, and this study thus provides a new addition to
studies focusing on the water resource demand. The beneﬁt of the
biogas system in this study concurs with previous studies, where the
biogas plant acts as an upcycling tenant to allow for more eﬀective
waste treatment of biowastes and nutrient recycling; see e.g. Martin and
Eklund (2011). Martin and Parsapour (2012) and Drosg et al. (2015)
also review the potential for valorizing and subsequently cascading,
materials and nutrients through biogas production.
This results also suggests that the choice of reference scenario is of
utmost importance for reviewing the potential impacts and beneﬁts of
changes (or development) of the IS network. As aforementioned, these
results coincide with the assertions of Martin et al. (2015) and Mattila
et al. (2012) and van Berkel (2010). In this study, similar to any life
cycle assessment study, the data employed for the reference system also
played a signiﬁcant role. Using the data available in Buchspies et al.
(2011) has signiﬁcantly higher emissions compared to that of Pelletier

5.2. Extending the assessments
While this study reviewed only a select number of exchanges in the
Sotenäs IS network, there are further synergies in the community which
were not reviewed. This includes reviewing other impact categories to
assess the implications of the endeavors by ﬁrms in the Sotenäs
Symbioscentrum in the recycling of diﬀerent wastes along the coast.
This can have important implications for wildlife and aesthetics of the
coastline, and thus biodiversity damage should be further reviewed.
Furthermore, the production of salmon in land-based systems has been
shown to reduce eutrophication impacts which is important in a
Swedish context (Emmelin and Cherp, 2016; Swedish Environmental
Objectives, 2008). Other studies also suggest that conventional salmon
farming increases the risk of contamination of bacteria to natural stocks
of ﬁsh and other impacts to the environment (Buschmann et al., 2009;
Naylor et al., 1998; Noakes et al., 2000). Thus, it will be important to
further review the reduction of these impacts and pathogens to the
environment and natural stocks in the area from land-based farming;
and important that further sustainability indicators are used to assess IS
networks, such the studied example in Sotenäs.
As suggested in Martin and Brandão (2017) and Lazarevic and
Martin (2016), it is important that local impacts are reviewed in accordance to spatially explicit impact assessment methods; see e.g.
(Finnveden and Nilsson, 2005; Henryson et al., 2018). Coastal areas
such as the Sotenäs region coast, with large releases of wastewater from
the ﬁsh industry, households, etc. may not be assessed with current
LCIA methodology e.g. eutrophication impacts and ecosystem toxicity
(Henryson et al., 2018). Again, the biodiversity damage from current
emissions (and beneﬁts of cleaning up wastes) may also need to take
into account resilience of the system based on current stocks of ﬁsh, etc.
As the system will be developed in the future, the assessment would
be further improved using full consequential LCA methodology to also
show the environmental consequences of the changes in the surrounding systems. This includes using marginal data for any increases
(or changes) in current demand for energy and resources (Brandao
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success worldwide (Ashton et al., 2017; Chertow and Park, 2016; Tan
et al., 2017). As the network is facilitated by a municipal actor, it will
be important to highlight the impact this may have for the success, and
potential failure, to many of the synergies being developed and the role
of sustainability information in development and support for IS networks.

et al., 2017). Once again, the environmental assessment has been
conducted using partial consequential methodology (i.e., system expansion based on the method of Martin et al. (2015). However, both
“upstream” and “downstream” consequences of changes in demand for
products, energy, resources etc. due to the development, and expansion,
of the network may also be explored; see e.g. the discussions by Sokka
et al. (2011). Despite this suggestion, the current study aimed only to
review the environmental impacts and beneﬁts of the symbiosis network compared to a reference state, and not the eﬀects on other systems.
In addition, there is potential to build on the present socio-economic
developments, in terms of improving business opportunities and research and innovation. This is enabled through a growing network of
researchers and other interested practitioners that increase the likelihood of future collaborative business and research. An added strength
of the Sotenäs IS network is the active support and facilitation of the
Sotenäs Symbioscentrum, located at the municipality oﬃces. This has a
signiﬁcant potential to increase exposure and collaboration of the
network with national and international companies and research institutes, thereby increasing the likelihood of continued growth and
exchanges in the network.

6. Conclusions
The environmental and socio-economic assessment reviewed indicate that the IS development can make a substantial and positive
contribution to the environmental performance of the industries and
the socio-economic status of the region.
The results suggest that the Sotenäs IS network has the potential to
signiﬁcantly reduce environmental impacts for the production system
currently being developed, when compared to conventional processes
and a reference system. These include both reductions in greenhouse
gas emissions and local impacts, namely eutrophication impacts. The
largest improvements are seen for the land-based salmon system, which
signiﬁcantly reduces impacts from conventional salmon farming.
Thereafter, the beneﬁts created for the ﬁsh industry, by handling wastes
and wastewater (used in the biogas plant) are also signiﬁcant. It is also
important to note the signiﬁcance of the nutrient recycling of the network. As the network will have an upcycling tenant, namely the biogas
plant, wastewater and residues will be valorized and nutrients captured. This reduces both the use of conventional fertilizers in downstream processes and the release of these nutrients into the neighboring
sea. With Sotenäs being a ﬁshing community, the symbiotic network
thus improves the use of sea-based resources and reduces the potential
impacts to the aquatic and natural environment. Finally, as the study
compares a potential future system with a comparative reference
system, and is based on a number of assumptions and data from comparative systems (due to a lack of data) the results should not be used as
the actual emissions, or reduction potential, of the system. Once again,
however, the results provide an indication of the potential reductions in
GHG emissions and eutrophication emissions from the symbiotic development of the network.
The socio-economic assessment illustrated that the IS network can
make a substantial contribution after 10 years to both jobs (with 200 or
2.5% of the local workforce) and potential revenues (1 billion SEK,
21.3% of local GDP). In addition, positive contributions are anticipated
to the locals skills base, research and innovation and regional identity.
In the semi-quantitative scoring assessment, the development scored
highly for all indicators.
The comprehensive nature of this assessment will be important to
illustrate the potential of industrial symbiosis to municipalities, nationally and internationally, in order to advance local eﬀorts with facilitating industrial symbiosis and to understand how these networks
can be assessed both quantitatively and qualitatively.

5.3. Future research
The current study was completed using a limited amount of data
and information, thus requiring many assumptions and modeling
choices. In future assessments, the approach used in this report to review the environmental performance may be improved by following up
on the actual material and energy inputs and outputs from the Sotenäs
IS network (given the synergies progress) to provide a more representative view of the environmental and socio-economic performance of the industries involved. Furthermore, while the assessments
build upon synergies currently being developed, it may be important to
explore further synergies (and even changes) in order to optimize the IS
network. For example, in a Swedish context, it may be interesting to
explore the upgrading of the biogas for vehicle fuel once the biogas
plant is developed further. The use of algae produced in the network
may also be used for diﬀerent applications, e.g. ﬁsh feed, nutritional
supplements and substrate may also oﬀer many potential improvements
to the system. In addition, the use of algae and other ﬁsh wastes (from
e.g. the ﬁsh/food cluster) could provide many opportunities for developing an alternative ﬁsh feed for the salmon farming operation. The
heat produced from the CHP unit from the biogas plant was also assumed to be used outside of the network, i.e. in the Sotenäs district
heating network, but could provide heating to many of the facilities in
the IS network. As many of the current ﬁrms, and coming additions to
the network, require heat for diﬀerent processes, the extent and potential use of this heat should be explored further.
Furthermore, the socio-economic assessment had a focus primarily
on the local value and implications of the IS network due to the fact that
the IS network is emerging. It is important however that the assessments be further developed once the synergies are in place to review
the value-creating potential of collaborating in the IS network in order
to highlight the business value, i.e. economic sustainability and beneﬁts; see e.g. (Mirata, 2018; Paquin et al., 2015). Social sustainability
assessments, beyond the socio-economic indicators will also need to be
developed for IS networks, which can improve the knowledge base in
the ﬁeld and identify critical social impacts, both onsite and from upstream and downstream implications of the IS network. However, indicators and availability of approaches for social assessments are maturing, there is a need to improve the availability of case studies
(Chhipi-Shrestha et al., 2015; Martin et al., 2018; Sala et al., 2015).
Finally, as the synergies are being developed by the network, it may
be important to understand the facilitation, potential obstacles, interdependencies, contractual agreements and conditions required for their
development, as industrial symbiosis networks have seen varying
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