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ABSTRACT

Policy-makers face the challenge of assessing and implementing sustainability measures, while also
dealing with parallel and sometimes conflicting policy agendas, long-term policy impacts, and contested
interpretations of sustainability. To support evidence-based decision-making in this context, this paper
presents the results from an integrated assessment of sustainability goal interactions. Links between the
bio-based economy, the 2030 Agenda, and the so-called strong sustainability paradigm were explored in
a regional-scale case. The analysis focused primarily on developments in the forestry and energy sectors.
Direct trade-offs and synergies as well as broader systemic impacts were identified. The results show
how goals from the bio-based economy, 2030 Agenda and strong sustainability paradigm are mutually
interacting. Positive interactions were found within two clusters of goals, offering coherent and syner-
getic transition pathways within these. The first cluster encompasses developments toward intensified
forestry, renewable energy, and closed-loop production systems. The second pathway supports diver-
sified forestry and protection of critical natural capital. However, while internally coherent, trade-offs
were identified between these goal clusters, demonstrating the difficulty in simultaneously making
progress on goals belonging to different sustainability agendas. The results also stress the need for
disaggregation and long-term assessments to identify trade-offs and synergies. Finally, the analysis
highlights the theoretical potential but practical challenges of implementing the bio-based economy and
2030 Agenda in a way that adheres to strong sustainability. The analytical framework used in the present
study may be adapted and applied to other decision-making contexts. It is particularly useful in settings
characterized by uncertainty and unstructured problem spaces.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

critical planetary boundaries are trespassed (Rockstrom et al.,
2009; Steffen et al.,, 2015) while at the same time basic socio-

Multiple sustainability agendas and initiatives are emerging in
response to environmental and social challenges such as climate
change, biodiversity loss, resource depletion, pollution, rising
inequality and geopolitical instability. These agendas suggest new
ways of structuring societies and economies to facilitate transitions
to more sustainable ways of living within geophysical and social
boundaries. Yet, despite progress in certain areas, humanity is still
largely on an unsustainable trajectory (Fischer et al., 2007). Several
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economic living standards for millions of people are not yet
ensured (Raworth, 2012). There is thus a significant need to in-
crease the leverage of sustainability efforts globally (Abson et al.,
2017; Dorninger et al., 2020; Fischer and Riechers, 2019; Kallis
and March 2015). One challenge in this respect is that sustain-
ability is a contested term. There is no universally agreed on defi-
nition of sustainability, nor consensus on how it should be turned
into practice (Beckerman, 1994; Leach et al., 2010; Norgaard, 1994).
A second challenge is that transitions toward sustainability emerge
from changes in highly interconnected systems, where the systemic
and long-term implications of actions and interventions may be
difficult to foresee (Liu et al., 2015; Sterman, 2009). Consequently,
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sustainability initiatives and agendas are not always coherent,
meaning that they promote changes that inhibit or nullify respec-
tive visions and goals. Coherent strategies that recognize and
mitigate negative interactions (trade-offs) and maximize positive
interactions (synergies) are key to more efficiently addressing
contemporary sustainability issues (Bowen et al., 2017; ICSU, 2017;
Nilsson et al., 2018).

In this paper, we focus specifically on three initiatives and
agendas that play central roles in current debates on how to
advance sustainability: The bio-based economy, the 2030 Agenda,
and the strong sustainability paradigm. Particularly, we aim to
assess whether these agendas and initiatives set out a coherent
direction for sustainability. The assessment is based on an analysis
of how their respective goals interact in terms of synergies and
trade-offs. Thereby, the present paper aims to inform priority
setting and the development of integrated and efficient imple-
mentation strategies.

The bio-based economy is an emerging concept that promotes
new uses of biological resources. The idea is that an increasing use
of biological resources in society will generate a broad range of
sustainability outcomes. For example, the bio-based economy is
seen as a central part of the transition to a fossil-free society
(Formas, 2012; McCormick and Kautto, 2013). It is also expected to
bring regional growth, new business and employment opportu-
nities, health benefits, and cleaner production processes (European
Commission, 2018; OECD, 2009). In parallel, the 2030 Agenda and
Sustainable Development Goals (SDGs), launched by the United
Nations (UN) in 2015, provide a roadmap for realizing trans-
formational change toward sustainability globally. The SDGs set
targets for progress in a broad range of areas, including poverty
eradication, sustainable cities, renewable energy provision, pro-
tection of marine and terrestrial ecosystems, and gender equality
(UN General Assembly, 2015). Finally, the strong sustainability
paradigm is included in the analysis to capture the contested nature
of the term sustainability. From the perspective of the strong sus-
tainability paradigm, a central aim of sustainability is to protect and
maintain so-called critical natural capital. Natural capital is “a set of
complex systems, consisting of evolving biotic and abiotic ele-
ments, that interact to determine the capacity of an ecosystem to
directly and/or indirectly provide human society with a wide array
of functions and services” (Pelenc and Ballet, 2015, p. 37). Some of
this natural capital is considered “critical” as it performs functions
that are essential for human survival and wellbeing, and as losses of
such natural capital are potentially irreversible (Dedeurwaerdere,
2014; Ekins et al., 2003). The strong sustainability paradigm chal-
lenges dominant narratives around technological change as able
and appropriate to address sustainability issues (Parker, 2014). It
also questions the role of economic growth as a mean to facilitate
change toward sustainability. Instead, the strong sustainability
frame brings to the forefront the limits and adverse impacts of
accelerating growth in material and energy use (Neumayer, 2003).

There is previous research that assesses interactions across the
agendas and initiatives included in the present study. Specifically,
the impact of the bio-based economy on the SDGs has been
explored (EI-Chichakli et al., 2016; Heimann, 2018; Issa et al., 2019),
as well as the relationship between the bio-based economy and
strong sustainability (Loiseau et al., 2016; Ramcilovic-Suominen
and Piilzl, 2018; Vivien et al., 2019). However, to the best of our
knowledge, interactions across these three initiatives and agendas
have not previously been explored in a systemic manner. In order to
meet this gap, we develop an analytical framework, drawing on
methods from complexity science and systems thinking. We apply
it to a regional-scale case, to provide an empirical setting and
decision-making context for the study of goal interactions. The
remainder of the paper is structured as follows: First, we introduce
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the case study area and outline the different steps of the analytical
framework. Second, we present the results, followed by a discus-
sion of what they imply for decision-making. Third, we discuss the
strengths and limitations of the analytical approach. The final
section concludes and suggests avenues for future research.

2. Methods
2.1. Case study area and research boundaries

The empirical setting for the study of goal interactions was
Norrképing municipality, Sweden. It covers an area of 1495 km?
and has a population of 141,676 people (Norrkoping Municipality,
2020). It is located in Ostergdtland county, in a landscape domi-
nated by forests (60% of the area), agriculture (25%), and small lakes
(County Administrative Board Ostergétland, 2014). Norrképing was
once a center for the textile industry. Today, its trade and industrial
activities are based on manufacturing, as well as technology, food
processing, and paper and pulp production (Berlina et al., 2015).

Norrkoping constitutes an interesting case due to (i) its ambi-
tious sustainability agenda (Norrkoping Municipality, 2017;
Norrkoping Radhus, 2019); (ii) the varied landscape and industrial
sectors that cover multiple domains relevant to the bio-based
economy (Region of Ostergotland, 2017); and (iii) ongoing efforts
to implement the SDGs (Norrkoping Municipality, 2017). While
some of these efforts are in early stages of implementation, there is
already evidence of change toward sustainability. Examples include
new public-private partnerships and novel ways of collaborating
around the use of natural resources and production side-streams
(Berlina et al., 2015). These developments have created an “indus-
trial symbiosis” network in the region, centered around environ-
mental technologies, by-product re-use, renewable energy, and
new logistical solutions. The industrial symbiosis involves actors
from forestry, agriculture, the energy sector, the chemical industry,
waste processing, and the municipality (LiU, 2020a). The present
study analyzes goal interactions in a sub-set of the overall industrial
symbiosis network, focusing specifically on combined heat and
power (CHP) generation, waste management, forest biomass pro-
duction, and energy demand-side dynamics.

2.2. Framework for analyzing sustainability goal interactions

The analysis was carried out using a five-step analytical
framework, combining cross-impact analysis, network diagram-
ming, identification of key variables (including both drivers and
indicators of change), conceptual modeling, and simulation-based
analysis (Fig. 1). The framework was developed to translate global
sustainability initiatives to national, regional or local contexts, to
identify goal interactions and underlying assumptions, and to
explore plausible future developments given different goal
interactions.

2.2.1. Goal screening

Goal screening was carried out to identify goals of specific
relevance to the Norrkoping context, linked to each overarching
global policy strategy, agenda, or paradigm. The screening was
supported by an understanding of the regional context provided by
the scientific and gray literature, including regional plans and
strategic documents. In addition, four semi-structured interviews
were held with stakeholders with expertise linked to the case study
area (representing the municipality, researchers, and energy ex-
perts). The aim of the interviews was to learn more about regional
sustainability challenges, and to ensure the relevance of the final
set of goals included in the analysis.
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Fig. 1. The five steps of the analytical framework.

2.2.2. Cross-impact analysis

Cross-impact scoring and analysis offer a way to understand
how sustainability goals interact in a pairwise manner. Cross-
impact analysis has frequently been employed to support inte-
grated analyses of the SDGs (Fader et al., 2018; Nilsson et al., 2016;
Weitz et al., 2017), but has to a lesser extent been applied in the
context of the bio-based economy or strong sustainability. At the
core is an integral scale and typology of goal interactions, indicating
whether progress on one goal promotes or hinders progress on
other goals. In the present paper, interactions between sustain-
ability goals in terms of competition for resource inputs (e.g.,
financial resources and means of production such as land and raw
materials), shared preconditions for goal attainment (e.g., political
support and infrastructure), and the impacts of goal progress were
accounted for (Fig. 2). Further, recognizing that sustainability is a
contested concept, we assessed whether pairs of goals are aligned
(yielding synergies) or promote conflicting understandings of
sustainability (entailing trade-offs). The basis for the interaction
scoring was expert knowledge and the scientific literature. Our
research team carried out the cross-impact scoring, first individu-
ally and then together in workshops held in Stockholm or digitally.
Each score and supporting literature were presented, and reasons
for potential disagreements identified and discussed. For further
information on the scoring process, see Appendix Al.

2.2.3. Network diagramming

Network diagramming was used to provide a visual represen-
tation of the pairwise interactions identified in the cross-impact
analysis described in Section 2.2.2. Drawing on graph and network
theory (Newman et al., 2006), the network diagrams comprise
nodes (the goals) connected by arrows. The node size indicates how
connected a specific goal is, and the arrow size and color denote the
strength of an interaction. Trade-offs and synergies are indicated by
the arrow color, as well as if the nodes are connected by dashed or
full arrow lines.

2.2.4. Identification of key variables and conceptual modeling

The next step consisted of identifying key variables for each
goal, representing both drivers and indicators of change. The se-
lection of key variables was based on their ability to measure
progress on their associated goal, as well as on their ability to ac-
count for dynamic complexity (Kopainsky et al., 2018). An initial
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systemic mapping of the interactions between the key variables
was carried out using Causal Loop Diagrams (CLDs) (Sterman,
2009). CLDs are system maps where variables are connected by
arrows. The arrows represent causal relationships, and a plus or
minus sign on the arrow head indicates whether the independent
and dependent variables move in the same or opposite direction. A
central aim of the CLD mapping process is to identify and visualize
feedback processes, where reinforcing feedback loops are indicated
by an R and balancing feedback loops denoted by a B (Lane, 2008).

2.2.5. Simulation-based analysis

The final step involved simulation-based analysis using a system
dynamics modeling approach. Broader systemic impacts of goal
interactions were analyzed in an integrated manner and potential
future trajectories explored. System dynamics models replicate and
analyze how systems behave by specifying and simulating in-
teractions between system components. Key analytical dimensions
in system dynamics modeling include feedback processes, delays,
and non-linearities (Forrester, 2009; Sterman, 2009). The ability to
analyze these dimensions of complex systems makes system dy-
namics models particularly useful in the study of sustainability
transitions (Allen et al., 2016; Kohler et al., 2019). A central aim of
system dynamics modeling is to ensure that all variables relevant to
explaining an issue of interest are endogenous to the model.
Endogenous variables in system dynamics models are variables
that are influenced by other variables within the model boundary.
In contrast, exogenous variables are influenced by dynamics
outside the model boundary. Once there is sufficient confidence in
the model’s ability to endogenously generate historical behavior
patterns for the variables included in the analysis, the model may
be used for policy analysis and prioritization (Richardson, 2011;
Wheat, 2010). The model presented in the present paper was tested
and validated using the procedures outlined by Barlas (1996). The
validation process included both structural and behavioral tests to
assess the model’s ability to replicate historical data, unit consis-
tency tests, and simulation to explore the model behavior under
extreme conditions and its sensitivity to parameter changes. Data
for parameterization and behavior validation were obtained from
the operator of the CHP plant (Johansson, 2014; Skog, 2011), energy
expert agencies and interest organizations (IEA, 2010; Swedenergy,
2020), and previous research on the district heating market in the
region (LiU, 2020b). Model integration and parameterization were
also based on work by Ljungberg (2018) and Wallman et al. (2005).

3. Results
3.1. Goal screening

Seven overarching sustainability goals were identified and
included in the analysis (Table 1), reflecting current sustainability
challenges and ambitions in the case study area. Two goals are
linked to the bio-based economy: to achieve structural change in
the currently dominant industrial mode of forestry to allow for
greater diversity (e.g., in terms of management practices, produc-
tive species, and markets) (BBE1) and to make existing industrial
structures in the forestry sector more advanced, innovative and
resource-use efficient (BBE2). The choice of these goals was moti-
vated by previous research on the goals of the Swedish bio-based
economy (Bennich et al., 2018), the dominance of forestry in the
Swedish bio-based economy (Antikainen et al., 2017; Reime et al.,
2016), and the central role forestry plays in the industrial symbio-
sis network in the case study area (Berlina et al., 2015).

Three goals were singled out from the 2030 Agenda. Two of
them are linked to energy, reflecting ambitions to increase the
share of renewables in the energy mix (SDG target 7.2) and to
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Canceling: Progress on the independent goal makes it impossible to reach the dependent goal.
Counteracting: Progress on the independent goal reverses progress on the dependent goal.

Constraining: Progress on the independent goal limits progress on the dependent goal.

Consistent: No interactions between the goals identified.

Enabling: Progress on the independent goal creates conditions that could aid attainment of the dependent goal.
Reinforcing: Progress on the independent goal aids achievement of the dependent goal.

Indivisible: Progress on the independent goal is fundamental to progress on the dependent goal.

Fig. 2. Goal interaction scoring system, adapted from Fader et al. (2018) and Nilsson et al. (2016).

Table 1
Output from goal screening.

Goal

Description/Aim

Bio-based economy BBE1 Diversified forestry Enable greater diversity in productive species, practices, and uses of forest biomass, based on a fundamental

(BBE) reconfiguration of the current industrial forestry structure.
BBE2 Advancing current forestry Introduce new practices and modes of production in the currently dominant forestry industry structure to
industry structure make it more advanced, innovative, and resource-use efficient.
Sustainable SDG Renewable energy By 2030, increase substantially the share of renewable energy in the global energy mix.
development goal 7.2
(SDG) SDG Energy efficiency By 2030, double the rate of global improvement in energy efficiency.
7.3
SDG Waste By 2030, substantially reduce waste generation through prevention, reduction, recycling, and reuse.
125
Strong sustainability =~ SS1  Ecosystem functioning Maintain the forest ecosystem functioning, representing the aim of the strong sustainability paradigm to
(SS)

prevent degradation of critical natural capital.

Achieve production systems that are no longer based on linear flows of extraction and waste generation.
Instead, re-use, recovery, and recycling of products, materials, residues, and energy should be promoted.

SS2  Closed-loop production
systems

increase the rate of energy efficiency improvements (SDG target
7.3) (UN, 2020a). Realizing these goals constitutes challenges both
at a national scale in Sweden (SOU, 2017) and in the case study area
(Norrkoping Municipality, 2009). Moreover, the goal to reduce the
waste generation rate was included in the analysis (SDG target 12.5)
(UN, 2020b). This target was chosen on the basis that material re-
use and views of waste as a resource are central to the notion of
industrial symbiosis and a key part of the municipality’s work on
sustainability (Norrkoping Municipality, 2019).

Lastly, two goals representing the principles and ideas promoted
by the strong sustainability paradigm were included. There is no
consensus on what strong sustainability entails in practice. Yet, a 32. Cross-impact analysis
number of key principles can be derived from the literature
(Baumgartner gnd Quaas, ?009; Dl.etz and Neumayer, 2,007; Ekins The results of the cross-impact analysis are presented in Table 2,
et al, 2003). First, we decided to include the overarching goal of  },,\ying the sum of the different pairwise interaction scores, as

maintaining critical natural capital. Specifically, we focused on the
forests in the region and the need to maintain the functioning of the
forest ecosystem (SS1). The forest ecosystem functioning may be
defined as the effects of all processes (i.e., energy and material
flows) that jointly sustain an ecosystem (Truchy et al., 2015). Sec-
ond, the goal to achieve closed-loop production systems was cho-
sen (SS2). A distinguishing feature of such systems is that they are
not based on linear flows of extraction and waste, but instead seek
to recover and recycle the elements involved in the production of
services and goods (Winkler, 2011).
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well as the overall sum for each goal (the row sum). A high row sum
indicates a large presence of synergies and a row sum below zero a
larger share of trade-offs. For an overview of the individual scores
and uncertainty measures, see Appendix Al.

The goal to maintain the forest ecosystem functioning (SS1)
stands out as having large synergetic potential. Hence, making
progress on this goal may aid progress on several other goals
included in the analysis. Also, the goals to build closed-loop pro-
duction systems (SS2) and to reduce waste generation (SDG 12.5)
have high row sums, indicating that they hold relatively large
synergetic potential. In contrast, the goals related to the bio-based
economy have the lowest row sums, suggesting that they bring
with them a relatively low degree of synergies. What is also evident
from Table 2 is that a majority of the scores are positive, indicating
that synergetic interactions are predominant in this particular
network of goals.

3.3. Network diagramming

The four network diagrams in Fig. 3 visualize the presence of
trade-offs and synergies in the goal implementation stage, in terms
of alignment with the sustainability definition employed, and in
relation to trade-offs and synergies that arise as a result of making
progress in different goal areas. The input to the diagrams was
derived from the cross-impact scoring performed in the previous
analytical step, as presented in full in Appendix Al.

The visualization of the different types of interactions highlights
that there are relatively few resource input trade-offs (Fig. 3a).
Those identified were between the goals of the bio-based economy
and the goal to increase the share of renewables in the energy mix
(SDG 7.2). Synergies in preconditions were more common, indi-
cating that there are many interventions in the implementation
stage that could support the attainment of multiple goals. The goal
to achieve a greater diversity in the forestry sector (BB1) was the
goal that had most synergies in terms of shared preconditions
(Fig. 3b). Further, all goals adhere to the understanding of sus-
tainability provided by the strong sustainability paradigm (Fig. 3c).
In terms of goal progress interactions, synergies again dominate
(Fig. 3d). The most interconnected goal is to maintain ecosystem
functioning (SS1), followed by the goal to attain closed-loop pro-
duction systems (SS2) and the goal to increase the share of re-
newables in the energy-mix (SDG 7.2). The goal to make the current
industrial mode of forestry more advanced, innovative and
resource-use efficient (BBE2) does also stand out as relatively
highly interconnected. Finally, the network diagramming high-
lights how the goals belonging to the bio-based economy may be
internally conflicting.

While the goal network predominantly contains synergetic in-
teractions, the synergy scores are relatively low (most +1, some +2,
seven +3). According to the typology of interactions (Fig. 2) this
means that goal progress in most areas may create beneficial con-
ditions for making progress on other goals, but that few goals are

Table 2
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indivisibly linked.

3.4. Key variables and causal loop diagram

Twelve variables were identified as key to the attainment of the
respective goals. In the context of the bio-based economy (BBE1
and BBE2), a central variable is the land for productive use. It traces
to what extent the forest resource is used for productive purposes
or set aside for other uses. Another key variable is the harvest res-
idue outtake. It indicates if the forestry industry is entering new
markets, making more use of existing forest resources by allocating
production side streams to energy production. Forest management
choices in terms of land allocation and the harvest residue outtake
affect the total biomass supply from forestry (BBE2). In terms of
energy provision, heat and electricity production can be based on
fossil or renewable sources. The variable fossil-based fuel input
traces the energy supply that still needs to be substituted with
renewables (SDG 7.2). The heat demand supply gap tracks whether
the fuel input and production capacity are able to meet the local
energy demand (SS2). The energy demand is determined by the
total heat demand from the building stock connected to the district
heating system, and may be affected by energy efficiency gains
(SDG 7.3). The waste generation rate is the waste originating from
the region (SDG 12.5). The waste may be used as a fuel input to the
CHP plant. Also waste imports are used for energy provision if local
waste generation is not sufficient or if imports are more financially
viable (SS2). While part of the waste is fossil-based and part of it is
organic, it is assumed that reducing the waste fuel input contributes
to the goal to increase the share of renewables in the energy mix
(SDG 7.2). The soil C/N ratio indicates nitrogen availability in forest
soils, and serves as a key variable for ecosystem functioning (SS1).
The soil organic carbon (SOC) serves as an indicator of the forest
ecosystem functioning as a carbon sink (SS1). The net CO,-emis-
sions are the difference between CO, emitted (through burning fuel
for energy) and sequestered (through photosynthesis), providing a
measure of the closed-loop production system aspiration. The
carbon balance is defined as the difference in CO»-equivalents
emitted in different energy and forest management scenarios (SS2).

The CLD in Fig. 4 visualizes how the key variables interact,
highlighting feedback loops and intersectoral connections. Vari-
ables linked to the heat demand and waste generation are found in
the upper right of the CLD. The customer base determines the total
heat demand. New customers become connected to the district
heating system until the maximum number of customers is met
(balancing feedback loops B1 and B2). New customers drive the
CHP plant expansion.

The upper left part of the CLD depicts variables linked to the
energy supply, representing the internal functioning of the CHP
plant. CHP capacity is built up over time until it reaches the desired
level (balancing feedback loops B3 and B4). The energy supplied is
determined by the heat demand, the installed CHP capacity, and the
total fuel input to the CHP plant. The plant co-produces heat,

Cross-impact matrix for the goals identified in the goal screening step. Synergies and trade-offs between two goals are represented by a positive or negative score, respectively.

The darker the green (red) color, the stronger the synergy (trade-off) between the goals.

Goals BBE1 BBE2 SDG 7.2 SDG 7.3 SDG 12.5 SS1 SS2 Row sum
BBEI r -1 2 1 | 1 9
BBE2 0 - 1 1 2 2 8
SDG 7.2 1 1 - 2 1 ] 1
SDG 7.3 1 1 2 3 2 2 1
SDG 12.5 1 1 1 - 3 14
ss2 1 1 3 - 14
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Fig. 3. a-d. Network diagrams showing a) trade-offs in resource inputs, b) synergies steaming from shared preconditions, c) consistency in underlying understanding of sus-
tainability, and d) goal progress interactions. The diagrams indicate trade-offs (orange dashed lines), synergies (full green lines), strength of the interactions (line thickness and
color), and goal interconnectedness (node size). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

electricity, and steam, but the demand for district heating is the
main determinant of the capacity utilization. The plant has
different boilers, using fuel inputs from household and industrial
waste, fossil-based resources (coal/oil), and biomass. The boilers
utilizing waste are used first, as there is a financial compensation
for waste handling. The boilers running on biomass are next in line,
while fossil-based boilers are least financially and environmentally
viable and therefore used last.

The bottom part of the CLD captures the variables linked to the
biophysical basis of the forestry sector, such as the C/N ratio and soil
organic carbon. Forest biomass growth and regeneration is gov-
erned by multiple feedback loops, e.g., the reinforcing feedback of
nutrient cycling (R1). There are also balancing feedback loops, such
as those linked to decomposition of soil organic carbon (B5) and the
harvest residue outtake (B8-9). In combination, these dynamics
govern how much locally sourced biomass is available as fuel input
to the CHP plant.

3.5. Simulation-based analysis

3.5.1. Scenario specification

Three scenarios (Sc1-Sc3) were developed to analyze how the
key variables change over time, as governed by the feedback loops
presented in the CLD in Fig. 4. The first scenario (Sc1) explores what
happens with the remaining goals if progress is made on the goal of
making the existing forestry industry more advanced and resource-
use efficient (BBE2). The forest management model employed to
reach BBE2 entails maximizing productive forest land and biomass
volumes. Harvest residues are collected both at thinning and final
felling and sent to the CHP plant. Thereby, the forestry industry
utilizes the forest resource to a relatively large extent, turning
production side-streams into an energy resource.

The second scenario (Sc2) explores what happens to the other
goals if progress is made on the goal of making the forestry sector
more diverse (BBE1). Sc2 assumes that no forest land is in
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Fig. 4. Causal loop diagram capturing interactions between key variables linked to energy supply (upper left), energy demand (upper right), and forestry (bottom).

productive use, which then implies that no harvest residue is
available for energy production. While a development where all
productive forest land would be turned into, for example, conser-
vation or recreational areas is not realistic, Sc2 offers a base-line

and way to contrast goal progress as taken to its extreme.

The third scenario (Sc3) explores simultaneous progress on
multiple goals. Forest management is the same as in Sc2, meaning
that no forest is in productive use. Further, progress on SDG 7.2
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restricts the use of fossil fuels in the CHP plant, energy efficiency
gains are realized in line with progress on SDG 7.3, and progress on
SDG 12.5 reduces the waste generation rate. At the same time, an
ambition to make progress on the closed-loop production system
goal restricts waste imports.

Table 3 specifies assumptions and parameter values for each
scenario. In general, the time horizon for the analysis spans from
year 2010—2050. The exception is for the forestry sector variables
where the time horizon is extended to year 2300, as the impacts of
forest management decisions become visible only over several
rotation periods. The full model documentation is provided in
Appendix A2.

3.5.2. Simulation results

The simulations show the behavior of the key variables in the
period 2010—2050 (for forestry-related variables 2010—2300).

Fig. 5a shows the biomass supply from forestry. In Sc1, harvest
residues from local sources are available as fuel for the CHP plant,
starting from 2018. Harvest residues are extracted at thinning and
final felling, with biomass supplies ranging from approximately
41,000 to 77,000 tonnes/year over the simulation period. The
biomass supply peaks between 2057 and 2065, then declines over
time. The decline is partly a result of exogenous factors that limit
forest biomass growth, i.e., higher mean temperatures in combi-
nation with constant precipitation. With lower biomass growth,
and thus less litter and harvest residues, endogenous feedback
loops linked to nutrient availability further restrict biomass growth.
The harvest residue outtake also reduces the nutrient availability
over the simulated period, thereby contributing to the declining
biomass growth rate. In Sc2 and Sc3, no forest is in productive use
and the harvest residue outtake is zero, which implies that biomass
from local forest resources is not available for energy production.

There is a choice between using fuel inputs from waste, biomass,
and fossil-based resources in the CHP plant. Fig. 5b shows the use of
fossil-based fuel input for the different scenarios, where a reduc-
tion in use of fossil-based fuel input indicates progress on SDG 7.2.
In Sc1, the fuel inputs to the CHP plant are primarily biomass and
waste. The fossil-based fuel input starts at 353 GWh in 2010. It then
stabilizes at around 300 GWh between 2018 and 2021, and there-
after steadily declines to reach zero at 2045. In Sc2, the use of fossil-
based fuel input is higher as biomass from local sources is not
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available. The use of fossil-based fuel input shows a similar pattern
to Sc1, with an initial peak and subsequent decline over time, to
211 GWh in 2050. Sc3 prohibits the use of fossil fuels from 2018.

Fig. 5¢ presents the development of the heat demand supply
gap. The heat demand supply gap is zero in both Sc1 and Sc2, which
implies that energy provision is secured. In contrast, with strict
limits to local biomass supplies and restrictions to the use of fossil-
based resources, Sc3 results in a positive heat demand supply gap.
The maximum deficit is 991 GWh/year early in the simulated
period, but then declines over time due to energy efficiency gains.
The deficit in 2050 is 555 GWh, demonstrating how energy effi-
ciency measures may substantially reduce heat demand.

Fig. 5d depicts the waste fuel input used in the CHP plant,
indicating a continuous dependency on waste as a fuel input in both
Sc1 and Sc2. The maximum waste fuel input in both scenarios oc-
curs in year 2014, providing approximately 682 GWh. From 2018
and onwards the use of waste is restricted to the value of that year
(max. 668 GWh/year), but this still permits relatively extensive use
of waste in the CHP plant. In Sc3, no waste imports are allowed and
efforts are made to reduce the local waste generation rate, which
consequently limit the use of waste as a fuel input and thereby aid
progress on SDG 7.2. The energy provision from waste in Sc3 ranges
from 682 GWh in 2014 to 49 GWh in 2050.

Fig. 5e shows the soil C/N ratio. The soil C/N ratio starts from
relatively high levels, but declines for all scenarios over the simu-
lated period. The reference C/N ratio is 37.4 (year 2010), then
declining to 30.3 in Sc1 and 27.3 in Sc2 and Sc3 (year 2300). The
higher soil C/N ratio in Sc1 is explained by the removal of nutrients
following the harvest residue outtake.

Fig. 5f displays changes to soil organic carbon. Forest manage-
ment affects the SOC level. In Sc2 and Sc3, SOC levels increase until
2160, and decrease thereafter. Natural recycling of nutrients
through tree death and litterfall contributes to the build-up of SOC.
The decline in SOC after 2160 is explained by the combination of
higher annual mean temperatures and steady precipitation rates
that restricts biomass growth. In Sc1, the levels of SOC are lower
and show a steeper decline. The final difference in SOC between Sc1
and Sc2/Sc3 is —10.4 tonnes/hectare (representing an annual loss
0.037 tonnes/hectare). The final difference in terms of COy-equiv-
alents is —2,700,976 tonnes (an annual loss of 9578 tonnes CO;-
equivalents). The difference is explained by the removal of

Table 3
Scenario specification.

Sustainability Variable Scenario

goal Intensive use (Sc1) Diversified (Sc2) Strict sustainability (Sc3)

BBE1; BBE2 Land for productive use (ha) 71,102 0 0

BBE1; BBE2 Harvest residue outtake fraction 20% at both thinning and final felling 0 0
(percentage)

BBE2 Biomass supply from forestry Endogenous Endogenous Endogenous
(tonnes/year)

SDG 7.2 Fossil-based fuel input (GWh/  Endogenous Endogenous 0 from 2018
year)

SDG 7.2 Waste fuel input (GWh/year) Endogenous Endogenous Endogenous

SDG 7.3 Total heat demand (GWh/year) 16% reduction from ref. year 2020 16% reduction from ref. year 2020 34% reduction from ref. year 2020

—2035, 26% by 2050 —2035, 26% by 2050 —2035, 44% by 2050

SDG 12.5 Waste generation rate (tonnes/ 27,000 27,000 40% reduction by 2050
year)

SS1 Soil organic carbon (tonnes/ Endogenous Endogenous Endogenous
year)

SS1 Soil C/N ratio Endogenous Endogenous Endogenous

SS2 Waste imports (tonnes/year) Endogenous Endogenous 0 from year 2018

SS2 Heat demand supply gap (GWh/ Endogenous Endogenous Endogenous
year)

SS2 Difference in CO,-equivalents  Endogenous Endogenous Endogenous

(tonnes/year)
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Fig. 5. a-f. Simulated results for the three scenarios described in 3.5.1. The graphs show how the biomass supply from forestry, fossil-based fuel input, heat demand supply gap,
waste fuel input, soil C/N ratio, and soil organic carbon develop over time in the different scenarios.

substrate in the form of forest residue following the harvest residue
outtake in Sc1.

The CO,-emissions in the different scenarios vary depending on
the fuel input used in the CHP plant and the forest management
model employed. Fig. 6 shows the difference in CO,-equivalents
emitted in the simulated scenarios, calculated as the CO,-equiva-
lents emitted in the low intensive forest management scenario
(Sc2/Sc3) minus the net emissions in the high intensive forest
management scenario (Scl). The results show that in Scl, as

compared to Sc2/3, there is a reduction in COy-equivalents emitted,
ranging from 56,000 to 73,000 tonnes/year. Hence, the loss of SOC
in Sc1 (resulting from the intensive forest management model) is
compensated for as the use of forest biomass in the CHP plant
supports the phasing out of fossil fuels. Moreover, not all forest
biomass available in SC1 is needed as a fuel input, due to the boiler
capacity and priority order. Thus, biomass is available to replace
additional fossil-based energy resources in the municipality,
holding the potential to generate further climate benefits.
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Fig. 6. Difference (potential reduction) in CO,-emissions (in CO,-equvivalents) be-
tween the intensive forest management scenario (Sc1) and the diversification (Sc2)/
strict sustainability (Sc3) scenarios.

4. Discussion
4.1. Policy implications

The case of Norrkoping captures how global and national policy
agendas play out at the regional scale. A number of implications for
priority setting and the development of coherent implementation
strategies follow from the results. The outputs from the cross-
impact analysis indicate that the goals related to maintaining crit-
ical natural capital (SS1), achieving closed-loop production systems
(SS2), and waste management (SDG 12.5) should get priority. Pur-
suing strategies linked to these goals holds the potential to posi-
tively influence the attainment of several other goals. Less
resources should be allocated to the goals of the bio-based econ-
omy, as the cross-impact analysis suggests that they are relatively
less synergetic.

The network diagramming provided more detailed information
on the nature of the goal interactions. Trade-offs in terms of
competition for resource inputs between the goals of the bio-based
economy and increasing the share of renewables in the energy mix
(SDG 7.2) were highlighted. These trade-offs imply that critical
choices on resource allocation have to be made. In contrast, the
results suggest that the remaining goals do not compete for
resource inputs, which makes their implementation relatively
easier. The network diagrams also provide more detailed infor-
mation on the presence of shared preconditions, where the goal to
facilitate a shift to diversified forestry (BBE1) stands out as specif-
ically synergetic. This nuances the picture of BBE1 as a goal with
few synergies. In terms of goal progress interactions, the two goals
related to the bio-based economy are internally conflicting, which
again strengthens the argument for giving them low priority. In
contrast, SS1, SS2 and SDG 7.2 stand out as highly interconnected
and synergetic. This ranking is similar to the output from the cross-
impact matrix, with the difference that SDG 7.2 and not SDG 12.5
appears to be relatively more synergetic. Overall, the many positive
interactions but generally low synergy scores seen in the network
diagrams imply that goal progress in parts of the network of goals
aids overall progress, but that the effects may be small.

The conceptual modeling and simulation-based analysis added
to the output from previous steps by identifying dynamic and
systemic interactions over time. The results show that, despite the
large number of synergies found in previous steps, it is seemingly
difficult to realize coherent implementation strategies across all
goals. Instead, two bundles of internally coherent goals emerged.
Additionally, the two goals of the bio-based economy came forward
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as central in a transition process. This as they serve as the foun-
dation for making progress on many other goals.

A first cluster of coherent goals emerged in Sc1, demonstrating
the potential to leverage synergies between making the existing
industrial forestry structure more advanced (BBE2), SDG 7.2 and
SS2. This as progress on BBE2 brings relatively large biomass
quantities for energy production, which increases the share of re-
newables in the energy mix while the local demand for heat is met.
However, trade-offs that were largely silent in the previous
analytical steps also become apparent. The optimum range for the
C/N ratio is 25—30 (Gundersen et al., 2006). Sc1 exceeds the opti-
mum range at the end of the simulated period, which is not the case
in Sc2/Sc3, indicating an increased risk of nutrient imbalance or
limitation. Thus, relative to the less intensive forest management
pursued in Sc2/Sc3, forest management in Sc1 does not contribute
to SS1 to the same extent. Additionally, progress on BBE2 results in
a loss of SOC, further compromising progress on SS1. However, if
forest harvest residues are used to replace fossil-based resources
for energy production, the results indicate that there is still a
climate benefit in terms of reducing CO,-emissions. Hence, climate
change mitigation could motivate intensive forest management in
this case, despite SOC losses.

The second cluster of coherent goals was found in Sc2. In this
scenario, progress is made on BBE1, providing an opportunity to
compare impacts of different forest management practices. The loss
of SOC is lower than under the intensive forest management sce-
nario and the final C/N ratio is within the optimal range, stressing
that progress on BBE1 may be beneficial to the attainment of SS1.
However, while the local energy demand is still met in this sce-
nario, energy production is to a larger extent based on the use of
fossil fuels. Thus, a goal conflict is created between BBE1 and SDG
7.2, as well as between BBE1 and SS2.

Sc3 entails maximizing progress on BBE1 in a similar manner as
in Sc2, but also entails advancing progress in other areas. The re-
sults show that limited availability of local biomass (through
progress on BBE1), waste (through progress on SDG 12.5 and SS2),
and a reduction in the use of fossil-based resources (progress on
SDG 7.2) make it difficult to meet local heat demand (compro-
mising the attainment of closed-loop production systems in
accordance with SS2). Another finding is that energy efficiency
(SDG 7.3) plays a more important role than what was indicated by
the previous analytical steps, as it helps mitigate trade-offs. How-
ever, despite substantial energy efficiency gains, it was still not
possible meet local heat demand in Sc3. Hence, Sc3 demonstrates
the difficulty in finding broad reaching and coherent strategies that
generate simultaneous progress on all goals.

Finally, the results emphasize that facilitating progress that
adheres to the principles of strong sustainability might be chal-
lenging. While theoretically possible, it may be practically difficult
to simultaneously fulfill its requirements, as demonstrated by the
lack of scenarios where both closed-loop production systems and
protection of critical natural capital were achieved. These findings
are in line with previous studies on the relationship between the
bio-based economy and sustainability (D’Amato et al, 2017;
Ramcilovic-Suominen and Piilzl, 2018; Vivien et al., 2019). A critical
next step in the implementation of the bio-based economy and the
2030 Agenda is thus to find conditions where their respective goals
can contribute to strong sustainability.

4.2. Strengths and limitations of the analytical approach

The analytical framework applied in the present paper aims to
provide an integrated basis for prioritizing among sustainability
goals and for developing coherent strategies for goal attainment.
One strength of the approach is that the steps of the analysis help
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create an understanding of what global agendas and initiatives
mean in context. For the bio-based economy, one challenge in this
respect is its broad reach, and the need to derive specific goals from
the many possible focus areas linked to the use of biological re-
sources. For the 2030 Agenda, the challenge lies in translating
global goals to national, regional, and local contexts. For the strong
sustainability paradigm, a challenge lies in using the concepts it
provides (e.g., critical natural capital) to guide practical action. The
analytical framework allows for critical discussion on what con-
stitutes a goal, definitions, and on the meanings of the terms used.

Another strength of the approach is its ability to account for and
contrast multiple understandings of goal interactions through
methodological triangulation. The methods included in the
framework emphasize different features of goal interactions,
thereby bringing complementary perspectives. The cross-impact
analysis and network diagramming focus specifically on direct
and pairwise interactions. Conceptual modeling and simulation-
based analysis instead take a feedback perspective, highlighting
that key variables are often both drivers and indicators of change
embedded in larger systems structures. Simulation-based analysis
also provides quantitative measures of interactions over time, ac-
counting for delays and potential non-linear effects. Additionally,
the methods included in the framework have in common that they
are transparent, providing a visual account of how the goals
interact, which could enable critical discussion and learning among
stakeholders. The ability to elicit and integrate different perspec-
tives on goal interactions is specifically important in sustainability
transitions, as they are characterized by large uncertainty, un-
structured problem spaces, and contested issues.

A potential weakness of the approach is that the assessment is
sensitive to the input data, whether provided by stakeholders, ex-
perts, or the scientific literature. Despite the objective to contrast
and find reasons for contradictory results, errors may be trans-
mitted through the different analytical steps. Further, sustainability
transitions entail changes to causal structures, i.e., changes to the
way sustainability goals interact. Such changes are not well
captured by the methods included in the analytical framework. A
way to address this could be to add emphasis to the scenario
analysis, to build more elaborate narratives, and to develop alter-
native storylines linked to potential future goal interactions and
their implications. Finally, some limitations of our study may be
derived from the way the framework was applied. For example,
given the relatively low number of goal interactions assessed, the
network analysis in the present application was limited to network
diagramming. However, we strongly believe that quantitative
network analysis would be a useful tool in a context where a larger
set of goals is analyzed, as it allows for calculations of network
density, centrality, or the distance between two interconnected
goals. These additional metrics could support policy prioritization.
For example, they could help single out highly connected goals with
large systemic impact or identify goals that need special attention
as their fulfillment is not aided by progress on other goals. These
metrics could also help establish collaborations across traditional
departments and stakeholder groups. Finally, a higher degree of
stakeholder engagement should be supported in future applica-
tions of the framework, if seeking to strengthen the ability to
integrate different perspectives, enable critical discussion, and
inform decision-making.

5. Conclusions

Global sustainability agendas have ramifications in national,
regional and local contexts. This study demonstrated how goals
linked to the bio-based economy, the 2030 Agenda and SDGs, and
the strong sustainability paradigm interact in a regional setting. A

1

Journal of Cleaner Production 283 (2021) 125174

large number of synergies were found across the network of goals
included in the analysis. Specifically, two bundles of coherent and
mutually supporting goals were identified. The first cluster includes
a development toward making the existing structure of the forestry
industry more advanced and resource-use efficient, increasing the
share of renewables in the energy mix, and building closed-loop
production systems. The second cluster encompasses the goal to
support a structural shift in the forestry industry (to realize greater
diversity in practices, species, and forest values), and the goal to
maintain and protect critical natural capital. However, multiple
trade-offs exist between these two clusters, implying that simul-
taneous progress on all goals might be difficult to realize.

Another finding is that the goal priority order (based on the
ambition to maximize synergies and mitigate trade-offs) changed
with the method employed, stressing the need for methodological
triangulation, and that disaggregation and extended time horizons
are crucial for detecting trade-offs and synergies. Finally, the results
show how all goals hold theoretical potential to contribute to
sustainability in accordance with the notion of strong sustainabil-
ity, as suggested by the cross-impact analysis. However, this theo-
retical potential may be difficult to realize in practice, given that the
quantitative simulation-based analysis did not find any scenarios
that resulted in simultaneously fulfilling the goals of strong sus-
tainability (i.e., maintaining critical natural capital and achieving
closed-loop production systems).

There are several opportunities for future research in the
context of the Norrkoping case. A larger number of the sustain-
ability challenges facing the region in the coming years could be
reflected in the analysis, for example by expanding the boundaries
to include the agricultural sector and additional energy supply-
demand dynamics. Also, research exploring how to develop
coherent strategies in support of strong sustainability is critical.
Finally, applying the analytical framework in a way that supports a
higher degree of stakeholder participation could be a way to enable
learning, critical discussion, and ownership of the results. Thereby,
the ability of the sustainability roadmaps included in the analysis to
effectively meet cross-cutting challenges on the regional scale
could be enhanced.

In conclusion, agendas and initiatives for sustainability are
currently developing in parallel, but may still be overlapping and
mutually interacting. Our study presents a case where there is
significant potential to utilize synergetic effects in the imple-
mentation of different sustainability initiatives. At the same time,
there are no all-encompassing win-win scenarios. Critical choices
have to be made, and integrated analysis of goal interactions may
be one way to support priority setting and strategy development in
such contexts.
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