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Abstract

Policy-makers face the challenge of assessing mptementing sustainability measures, while
also dealing with parallel and sometimes confligtpolicy agendas, long-term policy impacts,
and contested interpretations of sustainability. shpport evidence-based decision-making in
this context, this paper presents the results faonintegrated assessment of sustainability goal
interactions. Links between the bio-based econdhey,2030 Agenda, and the so-called strong
sustainability paradigm were explored in a regiestalle case. The analysis focused primarily on
developments in the forestry and energy sectorsecDitrade-offs and synergies as well as
broader systemic impacts were identified. The tesgshow how goals from the bio-based
economy, 2030 Agenda and strong sustainability digma are mutually interacting. Positive
interactions were found within two clusters of goaiffering coherent and synergetic transition
pathways within these. The first cluster encompassyelopments toward intensified forestry,
renewable energy, and closed-loop production syst&ime second pathway supports diversified
forestry and protection of critical natural capitdbwever, while internally coherent, trade-offs
were identified between these goal clusters, detratitgg the difficulty in simultaneously
making progress on goals belonging to differentasnability agendas. The results also stress the
need for disaggregation and long-term assessmemtentify trade-offs and synergies. Finally,
the analysis highlights the theoretical potentiatl ppractical challenges of implementing the bio-
based economy and 2030 Agenda in a way that adte#song sustainability. The analytical
framework used in the present study may be adaptedapplied to other decision-making
contexts. It is particularly useful in settings werized by uncertainty and unstructured
problem spaces.

Keywords. bio-based economy, industrial symbiosis, integrated sustainability assessment, 2030
Agenda, Qustainable Development Goals, strong sustainability.
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1. Introduction

Multiple sustainability agendas and initiatives &merging in response to environmental and
social challenges such as climate change, biodiydoss, resource depletion, pollution, rising
inequality and geopolitical instability. These adas suggest new ways of structuring societies
and economies to facilitate transitions to mordanable ways of living within geophysical and
social boundaries. Yet, despite progress in certagas, humanity is still largely on an
unsustainable trajectory (Fischer et al., 2007)vef# critical planetary boundaries are
trespassed (Rockstrom et al., 2009; Steffen et28l5) while at the same time basic socio-
economic living standards for millions of people aot yet ensured (Raworth, 2012). There is
thus a significant need to increase the leverageusfainability efforts globally (Abson et al.,
2017; Dorninger et al., 2020; Fischer and Riech2@l9; Kallis and March, 2015). One
challenge in this respect is that sustainability ontested term, for which there is no generally
agreed on definition or consensus on how it shbadurned into practice (Beckerman, 1994;
Leach et al., 2010; Norgaard, 1994). A second ehg# is that transitions toward sustainability
emerge from changes in highly interconnected systemhere the systemic and long-term
implications of actions and interventions may béidilt to comprehend (Liu et al., 2015;
Sterman, 2009). Consequently, sustainability itites and agendas are not always coherent,
meaning that they promote changes that inhibitublify respective visions and goals. Coherent
strategies that recognize and mitigate negativeractions (trade-offs) and maximize positive
interactions (synergies) are key to more efficigatidressing contemporary sustainability issues
(Bowen et al., 2017; ICSU, 2017; Nilsson et al1&0

In this paper, we focus specifically on three atities and agendas that play central roles in
current debates on how to advance sustainabiltig: Bio-based economy, the 2030 Agenda, and
the strong sustainability paradigm. Particularlye @im to assess whether these agendas and
initiatives set out a coherent direction for susddility. The assessment is based on an analysis
of how their respective goals interact in termsyiergies and trade-offs. Thereby, the present
paper aims to inform priority setting and the depehent of integrated and efficient
implementation strategies.

The bio-based economy is an emerging concept tbatgies new uses of biological resources.
The idea is that an increasing use of biologicabueces in society will generate a broad range of
sustainability outcomes. For example, the bio-bassmhomy is seen as a central part of the
transition to a fossil-free society (Formas, 20Mx;Cormick and Kautto, 2013). It is also
expected to bring regional growth, new businesseangdloyment opportunities, health benefits,
and cleaner production processes (European Conomjsa018; OECD, 2009). In parallel, the
2030 Agenda and Sustainable Development Goals (pBsiched by the United Nations (UN)
in 2015, provide a roadmap for realizing transfarareal change toward sustainability globally.
The SDGs set targets for progress in a broad rafgaeas, including poverty eradication,
sustainable cities, renewable energy provisiontgotmn of marine and terrestrial ecosystems,
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and gender equality (UN General Assembly, 2015)alfy, the strong sustainability paradigm is
included in the analysis to capture the contestaiira of the term sustainability. From the
perspective of the strong sustainability paradigmentral aim of sustainability is to protect and
maintain so-called critical natural capital. Natwapital is “a set of complex systems, consisting
of evolving biotic and abiotic elements, that iatetrto determine the capacity of an ecosystem to
directly and/or indirectly provide human societyttwa wide array of functions and services”
(Pelenc and Ballet, 2015, p. 37). Some of this naatoapital is considered “critical” as it
performs functions that are essential for humawigak and wellbeing, and as losses of such
natural capital are potentially irreversible (Dexdeaerdere, 2014; Ekins et al., 2003). The strong
sustainability paradigm challenges dominant narestiaround technological change as able and
appropriate to address sustainability issues (Pa2kd.4). It also questions the role of economic
growth as a mean to facilitate change toward suadlity. Instead, the strong sustainability
frame brings to the forefront the limits and adeerspacts of accelerating growth in material
and energy use (Neumayer, 2003).

There is previous research that assesses intaracmoss the agendas and initiatives included
in the present study. Specifically, the impactlod bio-based economy on the SDGs has been
explored (EI-Chichakli et al., 2016; Heimann, 20k&a et al., 2019), as well as the relationship
between the bio-based economy and strong susthipalhioiseau et al., 2016; Ramcilovic-
Suominen and Pulzl, 2018; Vivien et al.,, 2019). loer, to the best of our knowledge,
interactions across these three initiatives andh@ae have not previously been explored in a
systemic manner. In order to meet this gap, we I[dpvan analytical framework, drawing on
methods from complexity science and systems thqikile apply it to a regional-scale case, to
provide an empirical setting and decision-makingtegt for the study of goal interactions. The
remainder of the paper is structured as followsstFwe introduce the case study area and
outline the different steps of the analytical fravoek. Second, we present the results, followed
by a discussion of what they imply for decision-ingk Third, we discuss the strengths and
limitations of the analytical approach. The fingcBon concludes and suggests avenues for
future research.
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2. Methods

2.1 Case study area and research boundaries

The empirical setting for the study of goal inté¢i@ts was Norrkdping municipality, Sweden. It
covers an area of 1495 krand has a population of 141 676 people (Norrkdpihumicipality,
2020). It is located in the Ostergétland countyailandscape dominated by forests (60% of the
area), agriculture (25%), and small lakes (Countymiistrative Board Ostergétland, 2014) .
Norrkdpingwas once a center for the textile industry. Todsytrade and industrial activities are
based on manufacturing, as well as technology, frodessing, and paper and pulp production
(Berlina et al., 2015).

Norrkdping constitutes an interesting case due ifoit§ ambitious sustainability agenda
(Norrképing Municipality, 2017; Norrképing RadhusBA2019); (ii) the varied landscape and
industrial sectors that cover multiple domains vefe to the bio-based economy (Region of
Ostergoétland, 2017); and (iii) ongoing efforts napiement the SDGs (Norrkoping Municipality,
2017). While some of these efforts are in earlygesaof implementation, there is already
evidence of change toward sustainability. Exampielide new public-private partnerships and
novel ways of collaborating around the use of redtoesources and production side-streams
(Berlina et al., 2015). These developments havatedean “industrial symbiosis” network in the
region, centered around environmental technolodiggroduct re-use, renewable energy, and
new logistical solutions. The industrial symbiosigolves actors from forestry, agriculture, the
energy sector, the chemical industry, waste praogsand the municipality (LiU, 2020a). The
present study analyzes goal interactions in a stilofsthe overall industrial symbiosis network,
focusing specifically on combined heat and powefRE generation, waste management, forest
biomass production, and energy demand-side dynamics

2.2 Framework for analyzing sustainability goal ineractions

The analysis was carried out using a five-stepyaical framework, combining cross-impact
analysis, network diagramming, identification ofykeariables (including both drivers and
indicators of change), conceptual modeling, andukation-based analysis (Figure 1). The
framework was developed to translate global suskdlity initiatives to national, regional or
local contexts, to identify goal interactions amdlerlying assumptions, and to explore plausible
future developments given different goal interacsio
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Figure 1. The five steps of the analytical framework.

2.2.1 Goal screening

Goal screening was carried out to identify goalspecific relevance to the Norrkdping context,
linked to each overarching global policy strateggenda, or paradigm. The screening was
supported by an understanding of the regional sbrpeovided by the scientific and gray
literature, including regional plans and stratedecuments. In addition, four semi-structured
interviews were held with stakeholders with exgerfinked to the case study area (representing
the municipality, researchers, and energy experts. aim of the interviews was to learn more
about regional sustainability challenges, and tsuem the relevance of the final set of goals
included in the analysis.

2.2.2 Cross-impact analysis

Cross-impact scoring and analysis offer a way teustand how sustainability goals interact in
a pairwise manner. Cross-impact analysis has fretyjubeen employed to support integrated
analyses of the SDGs (Fader et al., 2018; Nilssal.£2016; Weitz et al., 2017), but has to a
lesser extent been applied in the context of tbebbised economy or strong sustainability. At the
core is an integral scale and typology of goalraxtgons, indicating whether progress on one
goal promotes or hinders progress on other goalshé present paper, interactions between
sustainability goals in terms of competition fosaarce inputs (e.g., financial resources and
means of production such as land and raw matersthigred preconditions for goal attainment
(e.g., political support and infrastructure), ahd tmpacts of goal progress were accounted for
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(Figure 2). Further, recognizing that sustainapilit a contested concept, we assessed whether
pairs of goals are aligned (yielding synergies) ppomote conflicting understandings of
sustainability (entailing trade-offs). The basis floe interaction scoring was expert knowledge
and the scientific literature. Our research teanriexh out the cross-impact scoring, first
individually and then together in workshops heldStockholm or digitally. Each score and
supporting literature were presented, and reasongdtential disagreements identified and
discussed. For further information on the scoriracpss, see Appendix A.
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Scoring system for D: Goal/Target/Indicator:

Canceling: Progress on the independent goal makes it impossible to reactefiendent goal.

Counteracting: Progress on the independent goal reverses progress on the depgalen

Constraining: Progress on the independent goal limits progress on the depeguidn

Consistent: No interactions between the goals identified.

Enabling: Progress on the independent goal creates conditions that @iolddtainment of the dependent goal.
Reinforcing: Progress on the independent goal aids achievement of thedigegoal.

Indivisible: Progress on the independent goal is fundamental to progrese aependent goal.

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

2.2.3 Network diagramming

Network diagramming was used to provide a visuptegentation of the pairwise interactions
identified in cross-impact analysis described irct®a 2.2.2. Drawing on graph and network
theory (Newman et al., 2006), the network diagramsiprise nodes (the goals) connected by
arrows. The node size indicates how connected eifgpgoal is, and the arrow size and color
denote the strength of an interaction. Trade-afiid synergies are indicated by the arrow color,
as well as if it the nodes are connected by dashédl arrow lines.

2.2.4 ldentification of key variables and conceptuanodeling
The next step consisted of identifying key variatfier each goal, representing both drivers and
indicators of change. The selection of key varigbleas based on their ability to measure
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progress on their associated goal, as well as @n ability to account for dynamic complexity
(Kopainsky et al., 2018). An initial systemic mapgpiof the interactions between the key
variables was carried out using Causal Loop Diagrd@LDs) (Sterman, 2009). CLDs are
system maps where variables are connected by aridwsarrows represent causal relationships,
and a +/- sign on the arrow head indicates whetterindependent and dependent variables
move in the same or opposite direction. A centiral @ the CLD mapping process is to identify
and visualize feedback processes, where reinfori@adback 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 analyss@g a system dynamics modeling approach.
Broader systemic impacts of goal interactions wanalyzed in an integrated manner and
potential future trajectories explored. System dyica models replicate and analyze how
systems behave by specifying and simulating intemas between system components. Key
analytical dimensions in system dynamics modelmgude feedback processes, delays, and
non-linearities (Forrester, 2009; Sterman, 2009)e Rbility to analyze these dimensions of
complex systems makes system dynamics models wlartic useful in the study of
sustainability transitions (Allen et al., 2016; Kéhet al., 2019). A central aim of system
dynamics modeling is to ensure that all variablevant to explaining an issue of interest are
endogenous to the model. Endogenous variablesstersydynamics models are variables that
are influenced by other variables within the mdat®indaryln contrast, exogenous variables are
influenced by dynamics outside the model bound@nce there is sufficient confidence in the
model’s ability to endogenously generate histortwathavior patterns for the variables included
in the analysis, the model may be used for politglysis and prioritization (Richardson, 2011,
Wheat, 2010). The model presented in the presemrpaas tested and validated using the
procedures outlined by Barlas, (1996). The valatatprocess included both structural and
behavioral tests to assess the model’s abilityefdicate historical data, unit consistency tests,
and simulation to explore the model behavior uneldreme conditions and its sensitivity to
parameter changes. Data for parameterization ahdvim validation were obtained from the
operator of the CHP plant (Johansson, 2014; Sko#1)2 energy expert agencies and interest
organizations (IEA, 2010; Swedenergy, 2020), aneVvipus research on the district heating
market in the region (LiU, 2020b). Model integratiand 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 idematiind included in the analysis (Table 1),
reflecting current sustainability challenges ando#ions in the case study area. Two goals are
linked to the bio-based economy: to achieve strattehange in the currently dominant

industrial mode of forestry to allow for greatevaelisity (e.g., in terms of management practices,
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productive species, and markets) (BBE1) and to maksting industrial structures in the
forestry sector more advanced, innovative and meseuse efficient (BBE2). The choice of
these goals was motivated by previous researchegdals of the Swedish bio-based economy
(Bennich et al., 2018), the dominance of forestryhie Swedish bio-based economy (Antikainen
et al., 2017; Reime et al., 2016), and the cemtia forestry plays in the industrial symbiosis
network in the case study area (Berlina et al. 5201

Three goals were singled out from the 2030 Agerida@o of them are linked to energy,
reflecting ambitions to increase the share of rexid@s in the energy mix (SDG target 7.2) and
to increase the rate of energy efficiency improvets€SDG target 7.3) (UN, 2020a). Realizing
these goals constitute challenges both at a natsmase in Sweden (SOU, 2017) and in the case
study area (Norrképing Municipality, 2009jloreover, the goal to reduce the waste generation
rate was included was included in the analysis ($3&@Get 12.5) (UN, 2020b). This target was
chosen on the basis that material re-use and \0éwsste as a resource are central to the notion
of industrial symbiosis and a key part of the mipatity’'s work on sustainability (Norrkdping
Municipality, 2019).

Lastly, two goals representing the principles atdelas promoted by the strong sustainability
paradigm were included. There is no consensus @t stlong sustainability entails in practice.
Yet, a number of key principles can be derived fribra literature (Baumgéartner and Quaas,
2009; Dietz and Neumayer, 2007; Ekins et al., 2003j)st, we decided to include the
overarching goal of maintaining critical naturapital. Specifically, we focused on the forests in
the region and the need to maintain the functiomhghe forest ecosystem (SS1). The forest
ecosystem functioning may be defined as the effectdl processes (i.e., energy and material
flows) that jointly sustain an ecosystem (Truchwlet2015). Second, the goal to achieve closed-
loop production systems was chosen (SS2). A digisigng feature of such systems is that they
are not based on linear flows of extraction andteydsut instead seek to recover and recycle the
elements involved in the production of services goods (Winkler, 2011).
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266  Table 1.Output from goal screening

Goal Description/Aim
Enable greater diversity in productive species,
practices, and uses of forest biomass, based a

Bio-based BBEL Diversified forestry fundamental reconfiguration of the current indwastri
economy forestry structure.
(BBE) . Introduce new practices and modes of productidhén
Advancing current . .
. currently dominant forestry industry structure taka
BBE2 forestry industry . ; .
it more advanced, innovative, and resource-use
structure -
efficient.
SDG 7.2 Renewable energy By 2039, increase substantla!ly the share of rebva
. energy in the global energy mix.
Sustainable - .
- By 2030, double the rate of global improvement in
development SDG 7.3 Energy efficiency ffici
oal (SDG) energy efficiency. '
9 By 2030, substantially reduce waste generationutio
SDG 12.5 Waste X X .
prevention, reduction, recycling, and reuse.
Ecosvstem Maintain the forest ecosystem functioning, repréagn
SS1 YSK the aim of the strong sustainability paradigm tevent
functioning : o :
Strong degradation of critical natural capital.
sustainability Achieve production systems that are no longer based
(SS) SS2 Closed-loop linear flows of extraction and waste generatiostead,

production systems re-use, recovery, and recycling of products, malri
residues, and energy should be promoted.

267

268 3.2 Cross-impact analysis

269 The results of the cross-impact analysis are ptedeim Table 2, showing the sum of the
270  different pairwise interaction scores, as wellfas ¢verall sum for each goal (the row sum). A
271 high row sum indicates a large presence of synemgiel a row sum below zero a larger share of
272 trade-offs. For an overview of the individual seand uncertainty measures, see Appendix A.
273

274  Table 2. Cross-impact matrix for the goals ideatlfin the goal screening step. Synergies and
275 trade-offs between two goals are represented bysdiye or negative score, respectively. The
276  darker the green (red) color, the stronger the rgyn@rade-off) between the goals.

Goals BBE1 BBE?2 SDG7.2 SDG73 SDG125 SS1] SS? Row sum
BBE1 - -1 2 1 1 D ! 9
BBE2 0 - 1 2 1 2 2 8
SDG 7.2 1 1 - 1 2 1 11
SDG 7.3 1 1 2 - 3 2 2 11
SDG 125 1 1 1 3 - 3 14
SS1 1 1 - 19
SS: 1 1 1 3 - 14

277

10
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The goal to maintain the forest ecosystem funatign{SS1) stands out as having large
synergetic potential. Hence, making progress os g¢juial may aid progress on several other
goals included in the analysis. Also, the goalbuitd closed-loop production systems (SS2) and
to reduce waste generation (SDG 12.5) have highsuws, indicating that they hold relatively
large synergetic potential. In contrast, the goalisted to the bio-based economy have the lowest
row sums, suggesting that they bring with themva diegree of synergies. What is also evident
from Table 2 is that a majority of the scores awsifve, indicating that synergetic interactions
are predominant in this particular network of goals

3.3 Network diagramming

The four network diagrams in Figure 3 visualize pinesence of trade-offs and synergies in the
goal implementation stage, in terms of alignmenhwhe sustainability definition employed, and

in relation to trade-offs and synergies that aasea result of making progress in different goal
areas. The input to the diagrams was derived fitoenctoss-impact scoring performed in the
previous analytical step, as presented in full ppéndix A.

11
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BBE2
1'!!%" "i!i’

()

B -

BBE2

Color code for
interactions (Arrows)

Figure 3a-d. Network diagrams showing a) trade-offs in resoungeits, b) synergies steaming
from shared preconditions, c¢) consistency in urytlegl understanding of sustainability, and d)
goal progress interactions. The diagrams indicametoffs (orange dashed lines), synergies (full
green lines), strength of the interactions (linekhess and color), and goal interconnectedness
(node size).

The visualization of the different types of intarans highlights that there are relatively few
resource input trade-offs (Figure 3a). Those idiexdtiwere between the goals of the bio-based
economy and the goal to increase the share of ilew in the energy mix (SDG 7.2).
Synergies in preconditions were more common, irisigathat there are many interventions in
the implementation stage that could support therattent of multiple goals. The goal to achieve

12
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a greater diversity in the forestry sector (BB1lpwiae goal that had most synergies in terms of
shared preconditions (Figure 3b). Further, all g@ahere to the understanding of sustainability
provided by the strong sustainability paradigm (Feg 3c). In terms of goal progress
interactions, synergies again dominate (Figure Bdg most interconnected goal is to maintain
ecosystem functioning (SS1), followed by the gamlattain closed-loop production systems
(SS2) and to increase the share of renewable®iartbrgy-mix (SDG 7.2). The goal to make the
current industrial mode of forestry more advandedovative and resource-use efficient (BBE2)
does also stand out as relatively highly intercotedt Finally, the network diagramming
highlights how the goals belonging to the bio-baseashomy may be internally conflicting.

While the goal network predominantly contains sgeéc interactions, the synergy scores are
relatively low (most +1, some +2, seven +3). Acoogdto the typology of interactions (Figure
2) this means that goal progress in most areas e¢regte beneficial conditions for making
progress on other goals, but that few goals areisidly linked.

3.4 Key variables and causal loop diagram

Twelve variables were identified as key to theiafteent of the respective goals. In the context
of the bio-based economy (BBE1 and BBE2), a centaghble is théand for productive use. It
traces to what extent the forest resource is usegrbductive purposes or set aside for other
uses. Another key variable is tharvest residue outtake. It indicates if the forestry industry is
entering new markets, making more use of existimgst resources by allocating production side
streams to energy production. Forest managememtesh@n terms of land allocation and the
harvest residue outtake affect the tddi@imass supply from forestry (BBE2). In terms of energy
provision, heat and electricity production can lasdd on fossil or renewable sources. The
variablefossil-based fuel input traces the energy supply that still needs to Hstguted with
renewables (SDG 7.2). Timeat demand supply gap tracks whether the fuel input and production
capacity are able to meet the local energy dem@8@)( The energy demand is determined by
thetotal heat demand from the building stock connected to the disthieating system, and may
be affected by energy efficiency gains (SDG 7.3)e Waste generation rate is the waste
originating from the region (SDG 12.5). The wastyrbe used as a fuel input to the CHP plant.
Also waste imports are used for energy provision if local waste gatien is not sufficient or if
imports are more financially viable (SS2). Whiletpat the waste is fossil-based and part of it is
organic, it is assumed that reducing teste fuel input contributes to the goal to increase the
share of renewables in the energy ng&DG 7.2). Thesoil C/N ratio indicates nitrogen
availability in forest soils, and serves as a kagiable for ecosystem functioning (SS1). Eog
organic carbon (SOC) serves as an indicator of the forest ecosyaiactioning as a carbon sink
(SS1). The net C&emissions are the difference between, €Qitted (through burning fuel for
energy) and sequestered (through photosynthesisyidmg a measure of the closed-loop
production system aspiration. The carbon balandefised as théifference in CO,-equivalents
emitted in different energy and forest managemeenarios (SS2).
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The CLD in Figure 4 visualizes how the key varighilteract, highlighting feedback loops and
intersectoral connections. Variables linked tolteat demand and waste generation are found in
the upper right of the CLD. The customer base deters the total heat demand. New customers
become connected to the district heating systerih thetmaximum number of customers is met
(balancing feedbacks B1 and B2). New customersedhe CHP plant expansion.

The upper left part of the CLD depicts variablesdid to the energy supply, representing the
internal functioning of the CHP plant. CHP capagagybuilt up over time until it reaches the

desired level (balancing feedbacks B3 and B4). dmergy supplied is determined by the heat
demand, the installed CHP capacity, and the tatal input to the CHP plant. The plant co-

produces heat, electricity, and steam, but the ddrfar district heating is the main determinant
of the capacity utilization. The plant has diffeéréoilers, using fuel inputs from household and
industrial waste, fossil-based resources (coal/aild biomass. The boilers utilizing waste are
used first, as there is a financial compensatianwaste handling. The boilers running on

biomass are next in line, while fossil-based beilare least financially and environmentally
viable and therefore used last.

The bottom part of the CLD captures the variahldeed to the biophysical basis of the forestry
sector, such as the C/N ratio and soil organicararborest biomass growth and regeneration is
governed by multiple feedbacks, e.g., the reinfaydieedback of nutrient cycling (R1). There
are also balancing feedbacks, such as those littkddcomposition of soil organic carbon (B5)
and the harvest residue outtake (B8-9). In comlmnathese dynamics govern how much locally
sourced biomass is available as fuel input to tHe @lant.

3.5 Simulation-based analysis

3.5.1 Scenario specification

Three scenarios (Scl-Sc3) were developed to anhlymehe key variables change over time, as
governed by the feedback loops presented in the @LBigure 4. The first scenario (Scl)
explores what happens with the remaining goalsafess is made on the goal of making the
existing forestry industry more advanced and resouse efficient (BBE2). The forest
management model employed to reach BBE2 entailsmiirg productive forest land and
biomass volumes. Harvest residues are collectdd didinal felling and thinning and sent to the
CHP plant. Thereby, the forestry industry utilizee forest resource to a relatively large extent,
turning production side-streams into an energyueso

The second scenario (Sc2) explores what happetige tother goals if progress is made on the
goal of making the forestry sector more diverse EBB Sc2 assumes that no forest land is in
productive use, which then implies that no harvestdue is available for energy production.
While a development where all productive forestdlamould be turned into, for example,
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conservation or recreational areas is not realiSi@ offers a base-line and way to contrast goal
progress as taken to its extreme.

The third scenario (Sc3) explores simultaneousrnessyon multiple goals. Forest management is
the same as in Sc2, meaning that no forest isodyative use. Further, progress on SDG 7.2
restricts the use of fossil fuels in the CHP plamergy efficiency gains are realized in line with

progress on SDG 7.3, and progress on SDG 12.5@sdbe waste generation rate. At the same
time, an ambition to make progress on the closeg-loroduction system goal restricts waste
imports.

Table 3 specifies assumptions and parameter vdaresach scenario. In general, the time
horizon for the analysis spans from year 2010 020’ he exception is for the forestry sector
variables where the time horizon is extended to 2880, as the impacts of forest management
decisions become visible only over several rotapenods. The full model documentation is
provided in Appendix B.

Table 3. Scenario specification

Sustainabilit Scenario
goal y Variable Intensive use Diversified Strict sustainability
(Scl) (Sc2) (Sc3)
. Land for

BBE1; BBE2 productive use (ha) 71,102 0 0
Harvest residue 20% at both

BBE1; BBE2 outtake fraction thinning and final 0 0
(percentage) felling
Biomass supply

BBE2 from forestry Endogenous Endogenous Endogenous
(tonnes/year)
Fossil-based fuel

SDG 7.2 input (GWhiyear) Endogenous Endogenous 0 from 2018
Waste fuel input

SDG 7.2 (GWhiyear) Endogenous Endogenous Endogenous
Total heat demand 16% reduction from 16% reduction from 34% reduction from

SDG 7.3 (GWhiyear) ref. year 2020 to ref. year 2020 to  ref. year 2020 to 2035,

y 2035, 26% by 2050 2035, 26% by 2050 44% by 2050

Waste generation 40% reduction by

SDG 12.5 rate (tonnes/year) 21,000 217,000 2050

Ss1 (Ssogg)rgamc carbon Endogenous Endogenous Endogenous

Ss1 Soil C/N ratio Endogenous Endogenous Endogenous
Waste imports

SS2 (tonnes/year) Endogenous Endogenous 0 from year 2018
Heat demand

SS2 Endogenous Endogenous Endogenous
suf[;ply gap 9 9 9
Difference in CO2-

SS2 equivalents Endogenous Endogenous Endogenous
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403  3.5.2 Simulation results
404 The simulations show the behavior of the key védeslin the period 2010-2050 (for forestry-
405 related variables 2010-2300).

406
(a) Biomass supply from forestry (b) Fossil-based fuel input
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408 Figure 5 a-f. Simulated results for the three scenarios destiine.5.1. The graphs show how
409 the biomass supply from forestry, fossil-based foput, heat demand supply gap, waste fuel
410 input, soil C/N ratio, and soil organic carbon depeover time in the different scenarios.

411

412  Figure 5a shows the biomass supply from forestryS¢1l, harvest residues from local sources
413  are available as fuel for the CHP plant, startirgmf 2018. Harvest residues are extracted at
414  thinning and final felling, with biomass supplieanging from approximately 41,000 to 77,000
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tonnes/year over the simulation period. The bionmaggply peaks between 2057-2065, then
declines over time. The decline is partly a resfilexogenous factors that limit forest biomass
growth, i.e., higher mean temperatures in combanatvith constant precipitation. With lower
biomass growth, and thus less litter and harvestues, endogenous feedback loops linked to
nutrient availability further restrict biomass githwThe harvest residue outtake also reduces the
nutrient availability over the simulated periodetdby contributing to the declining biomass
growth rate. In Sc2 and Sc3, no forest is in prtisteaise and the harvest residue outtake is zero,
which implies that biomass from local forest resagris not available for energy production.

There is a choice between using fuel inputs frorstejabiomass, and fossil-based resources in
the CHP plant. Figure 5b shows the use of fossktafuel input for the different scenarios,
where a reduction in use of fossil-based fuel inpdicates progress on SDG 7.2. In Scl, the
fuel inputs to the CHP plant are primarily biomassl waste. The fossil-based fuel input starts at
353 GWh in 2010. It then stabilizes at around 30Hbetween 2018 and 2021, and thereafter
steadily declines to reach zero at 2045. In Sc2ufe of fossil-based fuel input is higher as
biomass from local sources is not available. The afsfossil-based fuel input shows a similar
pattern to Scl, with an initial peak and subseqgdeuntine over time, to 211 GWh in 2050. Sc3
prohibits the use of fossil fuels from 2018.

Figure 5c presents the development of the heat wesiapply gap. The heat demand supply gap
is zero in both Scl and Sc2, which implies thatrgnerovision is secured. In contrast, with
strict limits to local biomass supplies and resiwits to the use of fossil-based resources, Sc3
results in a positive heat demand supply gap. Téwemum deficit is 990 GWh/year early in the
simulated period, but then declines over time duenergy efficiency gains. The deficit in 2050
is 555 GWh, demonstrating how energy efficiency sneas may substantially reduce heat
demand.

Figure 5d depicts the waste fuel input used inGR¥ plant, indicating a continuous dependency
on waste as a fuel input in both Scl and Sc2. Taemum waste fuel input in both scenarios
occurs in year 2014, providing approximately 682 iGWrom 2018 and onwards the use of
waste is restricted to the value of that year (né®8 GWh/year), but this still permits relatively

extensive use of waste in the CHP plant. In Sc3waste imports are allowed and efforts are
made to reduce the local waste generation rateshadonsequently limit the use of waste as a
fuel input and thereby aid progress on SDG 7.2. 8irergy provision from waste in Sc3 ranges
from 682 GWh in 2014 to 49 GWh in 2050.

Figure 5e shows the soil C/N ratio. The soil C/NMaratarts from relatively high levels, but

declines for all scenarios over the simulated pkride reference C/N ratio is 37.4 (year 2010),
then declining to 30.3 in Scl and 27.3 in Sc2 ac@l (gear 2300). The higher soil C/N ratio in

Scl is explained by the removal of nutrients follegvthe harvest residue outtake.
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Figure 5f displays changes to soil organic carlmrest management affects the SOC level. In
Sc2 and Sc3, SOC levels increase until 2160, amdedse thereafter. Natural recycling of
nutrients through tree death and litterfall conités to the build-up of SOC. The decline in SOC
after 2160 is explained by the combination of highanual mean temperatures and steady
precipitation rates that restricts biomass growthScl the levels of SOC are lower and show a
steeper decline. The final difference in SOC betw8el and Sc2/Sc3 is -10.4 tonnes/hectare
(representing an annual loss 0.037 tonnes/hectdit®. final difference in terms of GO
equivalents is -2,700,976 tonnes (an annual 10s9,6¥8 tonnes Cg£equivalents). The
difference is explained by the removal of substiatéhe form of forest residue following the
harvest residue outtake in Sc1.

Difference in CO2-equivalents

80 000

70 000 +
60 000 +

50 000 +

40 000 +

Tonnes

30 000 +
20 000 +
10 000 t

2018
2020+
2022+
2024+
2026+
2028+
20301
2032+
2034+
2036+
2038+
20401
2042+
2044+
20461
2048+
2050

Figure 6. Potential C@emission reduction (in CO2-equivialents) for theensive forest
management scenario (Scl) as compared to the ificaion (Sc2)/strict sustainability (Sc3)
scenarios. The calculation accounts for changesoiinorganic carbon and emissions from the
fuel used in the CHP plant.

The CQ-emissions in the different scenarios vary depemdin the fuel input used in the CHP
plant and the forest management model employedur&i® shows the difference in GO
equivalents emitted in the simulated scenariogutatied as the C&equivalents emitted in the
low intensive forest management scenario (Sc2/SaBlus the net emissions in the high
intensive forest management scenario (Scl). Thétseshow that in Scl, as compared to Sc2/3,
there is a reduction in G&equivalents emitted, ranging from 56,000 to 73,8@0nes/year.
Thus, the loss of SOC in Scl (resulting from theensive forest management model) is
compensated for as the use of forest biomass i€H plant supports the phasing out of fossil
fuels. Moreover, not all forest biomass availalleSIC1 is needed as a fuel input, due to the
boiler capacity and priority order. Thus, biomassavailable to replace additional fossil-based
energy resources in the municipality, holding tbeeptial to generate further climate benefits.

19



485

486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

4. Discussion

4.1 Policy implications

The case of Norrkdping captures how global andnatipolicy agendas play out at the regional
scale. A number of implications for priority setfinand the development of coherent
implementation strategies follow from the resulfbe outputs from the cross-impact analysis
indicate that the goals related to maintainingaaitnatural capital (SS1), achieving closed-loop
production systems (SS2), and waste management (ED& should get priority. Pursuing
strategies linked to these goals holds the pofetdigositively influence the attainment of
several other goals. Less resources should beatdiddo the goals of the bio-based economy, as
the cross-impact analysis suggests that they &tvedy less synergetic.

The network diagramming provided more detailed nmfation on the nature of the goal
interactions. Trade-offs in terms of competition fesource inputs between the goals of the bio-
based economy and increasing the share of renesvabléhe energy mix (SDG 7.2) were
highlighted. These trade-offs imply that criticilocces on resource allocation have to be made.
In contrast, the results suggest that the remaigogls do not compete for resource inputs,
which makes their implementation relatively easiEne network diagrams also provide more
detailed information on the presence of sharedgmditions, where the goal to facilitate a shift
to diversified forestry (BBE1) stands out as speaily synergetic. This nuances the picture of
BBE1 as a goal with few synergies. In terms of gwalgress interactions, the two goals related
to the bio-based economy are internally conflictindpich again strengthens the argument for
giving them low priority. In contrast, SS1, SS2 éIdG 7.2 stand out as highly interconnected
and synergetic. This ranking is similar to the omtfrom the cross-impact matrix, with the
difference that SDG 7.2 and not SDG 12.5 appeabe teelatively more synergetic. Overall, the
many positive interactions but generally low syiyesgores seen in the network diagrams imply
that goal progress in parts of the network of gaadls overall progress, but that the effects may
be small.

The conceptual modeling and simulation-based aisafygdled to the output from previous steps
by identifying dynamic and systemic interaction®iotime. The results show that, despite the
large number of synergies found in previous stéps, seemingly difficult to realize coherent

implementation strategies across all goals. Instéad bundles of internally coherent goals
emerged. Additionally, the two goals of the biodzheconomy came forward as central in a
transition process. This as they serve as the ftiordfor making progress on many other goals.

A first cluster of coherent goals emerged in Scémdnstrating the potential to leverage
synergies between making the existing industrieddtry structure more advanced (BBE2), SDG
7.2 and SS2. This as progress on BBE2 brings velgtiarge biomass quantities for energy
production, which increases the share of renewahldéise energy mix while the local demand
for heat is met. However, trade-offs that were éargsilent in the previous analytical steps also
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become apparent. The optimum range for the C/N iat5-30 (Gundersen et al., 2006). Scl
exceeds the optimum range at the end of the sisuifa¢riod, which is not the case in Sc2/Sc3,
indicating an increased risk of nutrient imbalarare limitation. Thus, relative to the less
intensive forest management perused in Sc2/Sc3,d8e4 not contribute to SS1 to the same
extent. Additionally, progress on BBE2 results iloss of SOC, further compromising progress
on SS1. However, if forest harvest residues ard tseeplace fossil-based resources for energy
production, the results indicate that there id sticlimate benefit in terms of reducing €O
emissions. Hence, climate change mitigation coubtivate intensive forest management in this
case, despite SOC losses.

The second cluster of coherent goals was foundcth 8 this scenario, progress is made on
BBE1, providing an opportunity to compare impactgifferent forest management practices.
The loss of SOC is lower than under the intensivedt management scenario and the final C/N
ratio is within the optimal range, stressing thabgoess on BBE1 may be beneficial to the
attainment of SS1. However, while the local enatggnand is still met in this scenario, it is to a
larger extent based on the use of fossil fuelssThaugoal conflict is created between BBE1 and
SDG 7.2, as well as between BBE1 and SS2.

Sc3 entails maximizes progress on BBEL in a simitemner as in Sc2, but also entails
advancing progress in other areas. The results shatvlimited availability of local biomass
(through progress on BBE1), waste (through progoesSDG 12.5 and SS2), and a reduction in
the use of fossil-based resources (progress on 3R¥make it difficult to meet local heat
demand (compromising the attainment of closed-lpopduction systems in accordance with
SS2). Another finding is that energy efficiency (80.3) plays a more important role than was
indicated by the previous analytical steps, aseip$ mitigate trade-offs. However, despite
substantial energy efficiency gains, it was stitt ipossible meet local heat demand in Sc3.
Hence, Sc3 demonstrates the difficulty in findingdul reaching and coherent strategies that
generate simultaneous progress on all goals.

Finally, the results emphasize that facilitatinggress that adheres to the principles of strong
sustainability might be challenging. While theceetly possible, it may be practically difficult to
simultaneously fulfill its requirements, as demoatgd by the lack of scenarios where both
closed-loop production systems and protection tical natural capital were achieved. These
findings are in line with previous studies on tekationship between the bio-based economy and
sustainability (D’Amato et al., 2017; Ramcilovic<8uninen and Pulzl, 2018; Vivien et al., 2019).
A critical next step in the implementation of the-based economy and the 2030 Agenda is thus
to find conditions where their respective goals cantribute to strong sustainability.
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4.2 Strengths and limitations of the analytical apmach

The analytical framework applied in the presentgpaggms to provide an integrated basis for
prioritizing among sustainability goals and for dmping coherent strategies for goal
attainment. One strength of the approach is that dteps of the analysis help create an
understanding of what global agendas and initiatimeean in context. For the bio-based
economy, one challenge in this respect is its breadh, and the need to derive specific goals
from the many possible focus areas linked to the efsbiological resources. For the 2030
Agenda, the challenge lies in translating globadlgdo national, regional, and local contexts.
For the strong sustainability paradigm, a challelg® in using the concepts it provides (e.qg.,
critical natural capital) to guide practical actiorhe analytical framework allows for critical
discussion on what constitutes a goal, definitiamsl on the meanings of the terms used.

Another strength of the approach is its abilitatzount for and contrast multiple understandings
of goal interactions through methodological trialagion. The methods included in the
framework emphasize different features of goalrattgons, thereby bringing complementary
perspectives. The cross-impact analysis and netdagramming focus specifically on direct
and pairwise interactions. Conceptual modeling amaulation-based analysis instead take a
feedback perspective, highlighting that key vaeabare often both drivers and indicators of
change embedded in larger systems structures. &iondbased analysis also provides
guantitative measures of interactions over timepanting for delays and potential non-linear
effects. Additionally, the methods included in tlhamework have in common that they are
transparent, providing a visual account of how @oals interact, which could enable critical
discussion and learning among stakeholders. Thétyalto elicit and integrate different
perspectives on goal interactions is specificafipaortant in sustainability transitions, as they are
characterized by large uncertainty, unstructuretlem spaces, and contested issues.

A potential weakness of the approach is that tsesssnent is sensitive to the input data, whether
provided by stakeholders, experts, or the scienliferature. Despite the objective to contrast
and find reasons for contradictory results, errorgy be transmitted through the different
analytical steps. Further, sustainability transiioentail changes to causal structures, i.e.,
changes to the way sustainability goals interaachSchanges are not well captured by the
methods included in the analytical framework. A vwayaddress this could be to add emphasis to
the scenario analysis, to build more elaborateatiges, and to develop alternative storylines
linked to potential future goal interactions andithmplications. Finally, some limitations of our
study may be derived from the way the framework \applied. For example, given the
relatively low number of goal interactions assessdém® network analysis in the present
application was limited to network diagramming. Hawer, we strongly believe that quantitative
network analysis would be a useful tool in a cohteltere a larger set of goals is analyzed, as it
allows for calculations of network density, centsalor the distance between two interconnected
goals. These additional metrics could support gdtidoritization, for example by singling out
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highly connected goals with large systemic impactpy identifying goals that need special
attention as their fulfillment is not aided by pregs on other goals. These metrics could also
help establish collaborations across traditiongdadienents and stakeholder groups. Finally, a
higher degree of stakeholder engagement shoulduppoged in future applications of the
framework, if seeking to strengthen the abilityintegrate different perspectives, enable critical
discussion, and inform decision-making.

5. Conclusions

Global sustainability agendas have ramificationsy@tional, regional and local contexts. This
study demonstrated how goals linked to the biotbasmmnomy, the 2030 Agenda and SDGs,
and the strong sustainability paradigm interact negional setting. A large number of synergies
were found across the network of goals includetha analysis. Specifically, two bundles of
coherent and mutually supporting goals were idiexatifThe first cluster includes a development
toward making the existing structure of the fonestrdustry more advanced and resource-use
efficient, increasing the share of renewables ie #mergy mix, and building closed-loop
production systems. The second cluster encompé#ssegal to support a structural shift in the
forestry industry (to realize greater diversitypiractices, species, and forest values), and thle goa
to maintain and protect critical natural capitabviever, multiple trade-offs exist between these
two clusters, implying that simultaneous progressibgoals might be difficult to realize.

Another finding is that the goal priority order fea on the ambition to maximize synergies and
mitigate trade-offs) changed with the method emgihystressing the need for methodological
triangulation, and that disaggregation and exteriohed horizons are crucial for detecting trade-
offs and synergies. Finally, the results show hdwaals hold theoretical potential to contribute
to sustainability in accordance with the notiorstvbng sustainability, as suggested by the cross-
impact analysis. However, this theoretical poténtiay be difficult to realize in practice, given
that the quantitative simulation-based analysis dad find any scenarios that resulted in
simultaneously fulfilling the goals of strong sus#bility (i.e., maintaining critical natural
capital and achieving closed-loop production syslem

There are several opportunities for future researt¢he context of the Norrkdping case. A larger
number of the sustainability challenges facingrégion in the coming years could be reflected
in the analysis, for example by expanding the baued to include the agricultural sector and
additional energy supply-demand dynamics. Alsoeassh exploring how to develop coherent
strategies in support of strong sustainabilityrisaal. Finally, applying the analytical framework
in a way that supports a higher degree of stakengbarticipation could be a way to enable
learning, critical discussion, and ownership of thesults. Thereby, the ability of the
sustainability roadmaps included in the analysigftectively meet cross-cutting challenges on
the regional scale could be enhanced.
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In conclusion, agendas and initiatives for sustalitg are currently developing in parallel, but
may still be overlapping and mutually interactir@@ur study presents a case where there is
significant potential to utilize synergetic effeatsthe implementation of different sustainability
initiatives. At the same time there are no all-enpassing win-win scenarios. Critical choices
have to be made, and integrated analysis of gbtalactions may be one way to support priority
setting and strategy development in such contexts.
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Appendix A. Overview of interaction scores

Four experts participated in the process of assgyeross-impact scores, following the instructi@amsl guiding
questions below. A full overview of the cross-impsecores is provided in Table Al.

Scoring instructions/guiding questions

Score A — competition for resource inputsDo the goals compete for the same (limited) resssimhen it comes
to implementationdn other words, if resources are allocated to ttiairanent of one of the goals, will the
implementation of the other goal in the pairwisenparison be negatively affected?

If so, assign: -1

Else: 0

Score B — shared preconditionsDo the goals share preconditions or resource infjoutsnplementation in a way
that is beneficial? For example, are there physidahstructure needs that are shared and need falfiled for
both goals? Are there social changes that nee@dppdn for these goals to be implemented? Do thks godahe
pairwise comparison share innovation environments?

If so, assign: 1

Else: 0

Score C - sustainability definition: Do the goals, independentlgdhere to the principles of the strong
sustainability paradigm?

If yes on both goals, assign: 1

If no on one or both goals, assign: -1

Score D — goal progress interactionslf progress is made on the independent goal, halwthis affect the
possibility to progress on the dependent gda? example, if progress is made on the goal ofeathg more
diversified forestry, how will this affect the pdsifity to make progress on the goal of making tlkerent industrial
forestry structure more efficient and advanced? Sduees range from -3 (canceling) to 3 (indivisible

Table Al. Overview of cross-impact scores.

GOAL INTERACTION INTERACTION SCORE (level of agreent among
the four participating experts)
1. Diversified A -1 (4/4)
— B 1 (3/4)
2. Advancement C 1 (3/4)
D -2 (3/4)
1. Diversified forestry A 0 (4/4)
— B 0 (3/4)
3. SDG waste C 1 (4/4)
D 0 (4/4)
1. Diversified forestry A 0 (4/4)
- B 0 (4/4)
4. SDG Energy efficiency C 1 (4/4)
D 0 (4/4)
1. Diversified forestry A -1 (3/4)
— B 1 (3/4)
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5. SDG renewable energy C 1 (4/4)
D 1 (3/4)
1. Diversified A0 (4/4)
— B 1 (4/4)
6. Ecosystem functioning C14/4)
D 3 (4/4)
1. Diversified A 0 (4/4)
— B 0 (3/4)
7. Closed-loop production systemy C 1 (4/4)
D 0 (2/4)*
2. Advancement A -1 (4/4)
— B 1 (3/4)
1. Diversified C1(4/4)
D -1 (3/4)
2. Advancement A0 (4/4)
— B 0 (4/4)
3. SDG Waste C 1 (4/4)
D 0 (4/4)
2. Advancement A0 (4/4)
— B 0 (4/4)
4. SDG Energy Efficiency C 1 (4/4)
D 1 (3/4)
2. Advancement A -1 (4/4)
— B 0 (4/4)
5. SDG renewable energy C 1 (3/4)
D 1 (3/4)
2. Advancement A0 (4/4)
— B 0 (4/4)
6. Ecosystem functioning C 1 (4/4)
D 1 (3/4)
2. Advancement A0 (4/4)
— B 0 (4/4)
7. Closed-loop production systemy C 1 (4/4)
D 1 (4/4)
3. SDG Waste management A 0 (4/4)
- B 0 (4/4)
1. Diversified C 1 (4/4)
D 0 (4/4)
3. SDG Waste management A0 (4/4)
— B 0 (4/4)
2. Advanced C 1 (4/4)
D 0 (4/4)
3. SDG Waste management A 0 (4/4)
- B 1 (4/4)
4. SDG Energy efficiency C 1 (4/4)
D 1 (4/4)
3. SDG Waste management A 0 (4/4)
— B 0 (4/4)

30



5. SDG renewable energy C 1 (4/4)
D 0 (3/4)
3. SDG Waste management A 0 (4/4)
— B 0 (4/4)
6. Ecosystem functioning C 1 (4/4)
D 2 (4/4)
3. SDG Waste management A 0 (4/4)
- B 1 (4/4)
7. Closed-loop production systemy C 1 (4/4)
D 3 (4/4)
4. SDG Energy Efficiency A0 (4/4)
— B 0 (4/4)
1. Diversified C 1 (4/4)
D 0 (4/4)
4. SDG Energy Efficiency A0 (4/4)
— B 0 (4/4)
2. Advancement C 1 (4/4)
D 0 (1/4)**
4. SDG Energy Efficiency A 0 (4/4)
— B 1 (4/4)
3. SDG Waste C 1 (4/4)
D 1 (4/4)
4. SDG Energy Efficiency A0 (4/4
— B 0 (4/4)
5. SDG renewable energy C14/4)
D 1 (3/4)
4. SDG Energy Efficiency A0 (4/4)
— B 0 (4/4)
6. Ecosystem functioning C 1 (4/4)
D 1 (3/4)
4. SDG Energy Efficiency A0 (4/4)
— B 0 (4/4)
7. Closed-loop production systemy C 1 (4/4)
D 1 (3/4)
5. SDG renewable energy A -1 (3/4)
— B 1 (3/4)
1. Diversified C 1 (4/4)
D 0 (0/4)***
5. SDG renewable energy A -1 (4/4)
— B 0 (4/4)
2. Advancement C 1 (4/4)
D 1 (4/4)
5. SDG renewable energy A 0 (4/4)
- B 0 (4/4)
3. SDG Waste C 1 (4/4)
D 1 (3/4)
5. SDG renewable energy A 0 (4/4)
— B 0 (4/4)
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4. SDG energy efficiency C 1 (4/4)

D 0 (4/4)
5. SDG renewable energy A 0 (4/4)
— B 0 (4/4)
6. Ecosystem functioning C 1 (4/4)

D 0 (4/4)
5. SDG renewable energy A 0 (4/4)
- B 1 (4/4)
7. Closed-loop production systemy C 1 (4/4)

D 3 (3/4)
6. Ecosystem functioning A 0 (4/4)
— B 1 (4/4)
1. Diversified C 1 (4/4)

D 3 (4/4)
6. Ecosystem functioning A 0 (4/4)
— B 0 (4/4)
2. Advancement C 1 (4/4)

D 3 (4/4)
6. Ecosystem functioning A 0 (4/4)
— B 0 (4/4)
3. SDG Waste C 1 (4/4)

D 0 (4/4)
6. Ecosystem functioning A 0 (4/4)
— B 0 (4/4)
4. SDG energy efficiency C 1 4/4)

D 0 (4/4)
6. Ecosystem functioning A 0 (4/4)
— B 0 (4/4)
5. SDG renewable energy C 1 (4/4)

D 3 (4/4)
6. Ecosystem functioning A 0 (4/4)
— B 0 (4/4)
7. Closed-loop production systemy C 1 (4/4)

D 3 (4/4)
7. Closed-loop production systemy A 0 (4/4)
- B 0 (4/4)
1. Diversified C 1 (4/4)

D 0 (3/4)
7. Closed-loop production systemy A 0 (4/4)
— B 0 (4/4)
2. Advancement C 1 (4/4)

D 0 (4/4)
7. Closed-loop production systemy A 0 (4/4)
- B 1 (4/4)
3. SDG Waste C 1 (4/4)

D 2 (4/4)
7. Closed-loop production systemy A 0 (4/4)
— B 0 (4/4)
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4. SDG energy efficiency C 1 (4/4)

D 0 (4/4)
7. Closed-loop production systemy A 0 (4/4)
— B 1 (4/4)
5. SDG renewable energy C 1 (4/4)

D 2 (4/4)
7. Closed-loop production systemy A 0 (4/4)
- B 0 (4/4)
6. Ecosystem functioning C 1 (4/4)

D 2 (4/4)

* Final score linked to uncertainty. Two expertsigeed a score of 2, while the other two assignedhe

arguments for assigning a 2 include that divemifferestry can close nutrient loops, and that eemdified

production makes it possible to meet demand fdedint forest values locally instead of relyingiomports. On the
other hand, diversification or less intensive formanagement may result in an outsourcing of pribdncmeaning
that biomass demand has to be met by productiewbksre.

** Not clear what the net effect is. Different clignprocesses are occurring at the same time. Soofescertainty
include how efforts to increase energy efficienffget innovation, as well as the impacts of eneztficiency gains
on energy markets.

*** No consensus, could be both -1 or 1, long-tevutcomes are associated with uncertainty.
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Appendix B. Model documentation

{The model has 151 (151) variables (array expansigrarenthesis).
In root model and 0 additional modules with 8 eext

Stocks: 16 (16) Flows: 29 (29) Converters: 106§10

Constants: 34 (34) Equations: 101 (101) Graphicalg24)}

Top-Level Model:

B11l capacity_in_construction(t) = B11 capacity_wmnstruction(t - dt) + (Construction_start_rate_B11
Construction_rate_B11) * dt

INIT B11_capacity_in_construction = 0
INFLOWS:

Construction_start_rate_B11 = (Desired_capaBityl-(B11_capacity in_construction+"B11_installeabacity-
~1982_(oil)"))/Construction_start_time

OUTFLOWS:
Construction_rate_B11 = B11_capacity_in_corsion/Construction_time

"B11_installed_capacity - 1996 (biomass)"(t) = "Bihktalled_capacity - 1996 (biomass)"(t - dt) +
(Upgrade_rate_B11 - "P11_- Demolition_rate") * dt

INIT "B11_installed_capacity - 1996 (biomass)0 =
INFLOWS:

Upgrade_rate_B11 ="B11_installed_capacity- 2198il)"*Upgrade_fraction_B11
OUTFLOWS:

"P11_- Demolition_rate" = IF TIME = "P11_- Uskflife" THEN "B11_installed_capacity_-
1996 (biomass)"/DT ELSE 0

"B11_installed_capacity-_1982_(oil)"(t) = "B11_iaHed_capacity- 1982 (oil)"(t - dt) + (Constructigate B11 -
Upgrade_rate_B11) * dt

INIT "B11_installed_capacity- 1982_(oil)" = 0

DOCUMENT: Boiler 11, built in 1982, has a capgaf 85 MW. It was first running on coal, but wasgnaded to
use recycled waste wood, forest harvest residuelsiudober in 1996. Source: Johansson, L.C., 201ANBE/arme
Sverige AB Panna 11, Handeldverket — Eldning awrtel Temadag Skadegruppen 13 November 2014 Linda C
Johansson Anlaggningsansvarig [WWW Document]. URpgv/www.vok.nu/wp-
content/uploads/2014/11/Erfarenheter-fran-Pannatindeloverket.pdf (accessed 6.6.20).

INFLOWS:

Construction_rate_B11 = B11_capacity_in_comston/Construction_time
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920 OUTFLOWS:
921 Upgrade_rate_B11 = "B11_installed_capacity- 2198il)"*Upgrade_fraction_B11

922 "B12_- Capacity_converted”(t) = "B12_- Capacity wented"(t - dt) + (Upgrade_rate_B12 - "B12_-
923 _Demolition_rate_(b)") * dt

924 INIT "B12_- Capacity_converted" =0

925 DOCUMENT: Assumption: Boiler 12 could, in the diugé, be converted to other fuel inputs (similaboder 11).
926 INFLOWS:

927 Upgrade_rate_B12 = "B12_installed_capacity- 2L.98oal)"*Upgrade_fraction_B12

928 OUTFLOWS:

929 "B12_- Demolition_rate (b)" = IF TIME = "B12_eful_life_(b)" THEN "B12_- Capacity_converted"/DT
930 ELSEO

931 B12_capacity in_construction(t) = B12_capacity_instruction(t - dt) + (Construction_start_rate_B12
932 Construction_rate_B12) * dt

933 INIT B12_capacity_in_construction =0
934 INFLOWS:

935 Construction_start_rate_B12 = ((Desired_capaBi1 2-
936 (B12_capacity_in_construction+"B12_installed_capacil982_(coal)"))/Construction_start_time)

937 OUTFLOWS:
938 Construction_rate_B12 = B12_capacity_in_corsion/Construction_time

939 "B12_installed_capacity- 1982 (coal)"(t) = "B12 tadked_capacity- 1982 (coal)"(t - dt) +
940 (Construction_rate_B12 - Upgrade_rate_B12 - "B1Remolition_rate_(a)") * dt

941 INIT "B12_installed_capacity- 1982 (coal)"' =0

942 DOCUMENT: Boiler 12, built in 1982, has a capgaf 125 MW. Source: Johansson, L.C., 2014. E.ONN&
943 Sverige AB Panna 11, Handeléverket — Eldning awrteét Temadag Skadegruppen 13 November 2014 Linda C
944 Johansson Anlaggningsansvarig [WWW Document]. URtps://www.vok.nu/wp-

945 content/uploads/2014/11/Erfarenheter-frin-Pannakindeldverket.pdf (accessed 6.6.20).

946 INFLOWS:

947 Construction_rate_B12 = B12_capacity_in_comston/Construction_time

948 OUTFLOWS:

949 Upgrade_rate_B12 = "B12_installed_capacity- 21.98oal)"*Upgrade_fraction_B12

950 "B12_- Demolition_rate (a)" = IF TIME = "B12_efsll_life_(a)" THEN "B12_installed_capacity-
951  _1982_(coal)'/DT ELSE 0
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B13_in_construction(t) = B13_in_construction(t } #it(Construction_start_rate_B13 - Constructiore r&t13) * dt
INIT B13_in_construction =0
INFLOWS:

Construction_start_rate_B13 = (Desired_capaBity3-(B13_in_construction+"B13_installed_capacity_-

1993 (biomass)"))/Construction_start_time

OUTFLOWS:
Construction_rate_B13 = B13_in_construction/€nrction_time

"B13 installed_capacity - 1993 (biomass)"(t) = "Bit3talled_capacity - 1993 (biomass)"(t - dt) +
(Construction_rate_B13 - Upgrade_B13 - "B13_- Detionl_rate") * dt

INIT "B13_installed_capacity - 1993_(biomass)0 =

DOCUMENT: Boiler 13, built in 1993, has a capgaf 130 MW. Source: Johansson, L.C., 2014. E.OKMN&
Sverige AB Panna 11, Handeldverket — Eldning awrtel Temadag Skadegruppen 13 November 2014 Linda C
Johansson Anlaggningsansvarig [WWW Document]. URps/www.vok.nu/wp-
content/uploads/2014/11/Erfarenheter-frin-Pannatindeldverket.pdf (accessed 6.6.20).

INFLOWS:
Construction_rate_B13 = B13_in_construction/€nrction_time
OUTFLOWS:
Upgrade_B13 ="B13_installed_capacity - 199®rflass)"*Upgrade_fraction_B13

"B13 - Demolition_rate" = IF TIME =Usueful_lif®13 THEN "B13_installed_capacity - 1993 (bioma&z)"
ELSEO

B14 _in_construction(t) = B14_in_construction(t } #dt(Construction_start_rate_B14 - Constructiore r&14) * dt
INIT B14_in_construction =0
INFLOWS:

Construction_start_rate_B14 = (Desired_capaBity}-(B14_in_construction+"B14_installed_capacity_-

_2002_(waste)"))/Construction_start_time

OUTFLOWS:
Construction_rate_B14 = B14_in_construction/€nrction_time

"B14_installed_capacity - 2002_(waste)"(t) = "BIabktalled_capacity - 2002_(waste)"(t - dt) +
(Construction_rate_B14 - Upgrade_B14 - "B14 - Detiool_rate") * dt

INIT "B14_installed_capacity - 2002_(waste)" = 0

DOCUMENT: Boiler 14, built in 2002, has a capgaf 75 MW. Source: Johansson, L.C., 2014. E.ONm&r
Sverige AB Panna 11, Handeléverket — Eldning awrteét Temadag Skadegruppen 13 November 2014 Linda C
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984  Johansson Anlaggningsansvarig [WWW Document]. URpsv/www.vok.nu/wp-
985 content/uploads/2014/11/Erfarenheter-frin-Pannatindeldverket.pdf (accessed 6.6.20).

986 INFLOWS:
987 Construction_rate_B14 = B14_in_construction/€norction_time

988 OUTFLOWS:

989 Upgrade_B14 ="B14 _installed_capacity - 2002gt®)"*"B14 - Upgrade_fraction"
990 "B14 - Demolition_rate" = IF TIME =Usueful_lif®14 THEN "B14_installed_capacity - 2002_(wasteJ'/D
991 ELSEO

992 B15_in_construction(t) = B15_in_construction(t } #dt(Construction_start_rate_B15 - Constructiore r&15) * dt
993 INIT B15_in_construction =0
994 INFLOWS:

995 Construction_start_rate_B15 = (Desired_capaBity-(B15_in_construction+"B15_installed_capacity_-
996 2010 _(waste)"))/Construction_start_time

997 OUTFLOWS:
998 Construction_rate_B15 = B15_in_construction/€nrction_time

999 "B15_installed_capacity - 2010 (waste)"(t) = "BIistalled_capacity - 2010_(waste)"(t - dt) +
1000 (Construction_rate_B15 - Upgrade_B15 - "B15 - Detiool_rate") * dt

1001 INIT "B15_installed_capacity - 2010_(waste)" =0

1002 DOCUMENT: Boiler 15, built in 2010, has a capgaf 75 MW. Source: Johansson, L.C., 2014. E.ONm&r
1003 Sverige AB Panna 11, Handeldverket — Eldning awrtel Temadag Skadegruppen 13 November 2014 Linda C
1004 Johansson Anlaggningsansvarig [WWW Document]. URpgv/www.vok.nu/wp-

1005 content/uploads/2014/11/Erfarenheter-fran-Pannatdnideloverket.pdf (accessed 6.6.20).

1006 INFLOWS:

1007 Construction_rate_B15 = B15_in_construction/€nrction_time

1008 OUTFLOWS:

1009 Upgrade_B15 ="B15_installed_capacity - 201@&st®)"*"B15 - Upgrade_fraction"

1010 "B15_- Demolition_rate" = IF TIME =Usueful_lif815 THEN "B15_installed_capacity - 2010 _(wasteJ'/D
1011 ELSEO

1012 "B16 - future"(t) = "B16_-_future"(t - dt) + (Comsttion_rate_B16 - Upgrade_B16 - "B16_- Demoliticate™) *
1013 dt

1014  INIT "B16_-_future" =
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DOCUMENT: Note: B16 is hypothetical future capggdhat could be installed and taken into usedeaision is
made to expand the CHP plant.

INFLOWS:
Construction_rate_B16 = B16_in_construction/€nrction_time
OUTFLOWS:
Upgrade_B16 ="B16_-_future""B16_ - Upgrade ctian"
"B16_- Demolition_rate" = IF TIME =Usueful_lif816 THEN "B16_-_future"/DT ELSE 0
B16_in_construction(t) = B16_in_construction(t } #dt(Construction_start_rate P16 - Constructiore rBil6) * dt
INIT B16_in_construction =0

DOCUMENT: Note: B16 is hypothetical future capggdhat could be installed and taken into usedeaision is
made to expand the CHP plant.

INFLOWS:

Construction_start_rate_P16 = (Desired_capaBitg-(B16_in_construction+"B16_-
_future™))/Construction_start_time

OUTFLOWS:
Construction_rate_B16 = B16_in_construction/€nrction_time
Local_waste(t) = Local_waste(t - dt) + (Local_wasgfeneration - Local_waste_supply - "Waste_-_otregs() * dt
INIT Local_waste =0
INFLOWS:
Local_waste_generation = "Average_waste_geioargear"
OUTFLOWS:
Local_waste_supply = Desired_waste_outtake
"Waste_- other_uses" = Local_waste_generatmralL waste_supply
Number_of customers(t) = Number_of customers(} +dNet_connection_rate) * dt
INIT Number_of _customers = 4412,8
DOCUMENT: The number of customers at the timeG@htP plant was taken into use was assumed to i84 4
INFLOWS:
Net_connection_rate = (Max_number_of customamiber_of customers)/(Connection_time)

"Av._heat_demand_per_costumer" = 0,1465
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1044 DOCUMENT: This is an estimate based on referetata from year 2013. In that year, E.ON Norrkédiag 6

1045 550 customers and sold 960 GWh heat. Thus, thagedreat consumption per customer was 960/65506%.14
1046  This number is used as a proxy. Source: Johanks0n,2014. E.ON Varme Sverige AB Panna 11, Handaket
1047 - Eldning av returtrd Temadag Skadegruppen 13 Nbee2014 Linda C Johansson Anlaggningsansvarig [WWW
1048 Document]. URL: https://www.vok.nu/wp-content/uplisa2014/11/Erfarenheter-fran-Panna-11-Handelovgrtet
1049 (accessed 6.6.20).

1050 "AV._SOC_difference" = IF TIME >= 2018 THEN 9578 BE 0

1051 DOCUMENT: The difference between a high-intensivel low-intensive forest management gave a raegultiss
1052 of -2 700 976 ton CO2 equivalents, meaning thattr@age loss per year between 2017 and 230078 $ob CO2
1053 equivalents.

1054 "Rdédgas_kond." = GRAPH(TIME)

1055  (2009,000, 0,0), (2010,125, 0,0), (2011,250, 122AW12,375, 0,0), (2013,500, 55,0), (2014,6250%§2015,750,
1056  65,4), (2016,875, 66,0), (2018,000, 71,2)

1057 DOCUMENT: Source: Swedenergy, 2020. Tillférd endifl fjarrvarme och kraftvarme - aldre statisfWww
1058 Document]. URL. https://www.energiforetagen.seistiédfjarrvarmestatistik/tillford-energi/tillforcenergi-till-
1059 flarrvarme-och-kraftvarme/ (accessed 6.6.20).

1060 Actual_biomass_fuel = IF

1061 (Desired_biomass_outtake*Energy_potential_forestmbiss)<=(Biomass_supply_from_forestry*Energy _paatnt
1062  _forest_biomass) THEN Desired_biomass_outtake*Bngrgtential_forest_biomass ELSE

1063 Biomass_supply_from_forestry*Energy_potential_forefomass

1064 Actual_operating_hours = 0,8781

1065  Actual_operating_hours_1 =0,8781

1066 Actual_operating_hours_2 =0,8781

1067  Annual_operating_hours = 8760

1068 "Average waste_generation/year" = 27000

1069 DOCUMENT: The municipality provides the CHP plavith household waste (approximately 27 000

1070  tonneslyear). Source: Johansson, L.C., 2014. E.@h¥ Sverige AB Panna 11, Handeléverket — Eldning a
1071 returtra Temadag Skadegruppen 13 November 2014lndohansson Anlaggningsansvarig [WWW Document].
1072 URL https://www.vok.nu/wp-content/uploads/2014/Irfdenheter-frin-Panna-11-Handeloverket.pdf (aezkss
1073 6.6.20)

1074 "B11l_+ 13 Heat_ produced" = Actual_biomass_fuel*l&#incy loss_factor_(update)"

1075 "B11l + B13 - Maximum_boiler_capacity (MWh)" = ("Blibstalled_capacity -
1076 1996 (biomass)"+"B13_installed_capacity -
1077 1993 (biomass)")*(Annual_operating_hours*Actualegiing_hours_1)

1078 "B11l_+ B13 - Maximum_boiler_capacity (waste) GWHBi1 + B13 -
1079 _Maximum_boiler_capacity_(MWh)"/1000
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1080 "B11l_+ B13 capacity utalisation" = IF "Desired_caipa utalisation_B11 - B13"<="B11l + B13 -
1081 _Maximum_boiler_capacity (waste) GWh" THEN "Desiredpacity utalisation_B11 - B13" ELSE
1082 "B11_+ B13 - Maximum_boiler_capacity (waste) GWh"

1083 "B11 - B13 Energy gap" ="Bl14_- B15 Heat supply aedr gap"-
1084 ("B11_+ 13 Heat produced"*Heat_fraction_1)

1085 "B12_+_B11 capacity utalisation” = IF "Desired_cepa utalisation_B11 - B14" <=
1086 "B12_+ B11 maximum_capacity (fossil-based) GWh" NHPesired_capacity utalisation_B11 - B14" ELSE
1087 "B12_+ B11l maximum_capacity (fossil-based) GWh"

1088 "B12_+ B11 Heat produced" = "Fossil-fuel_use"*"Efincy loss_factor_(update)"

1089 "B12_+ B11 maximum_capacity (fossil-based) GWhB22_ + B11l maximum_capacity (fossil-
1090 based) MWh"/1000

1091 "B12_+ B11 maximum_capacity (fossil-based) MWh"BIQ2_installed_capacity-
1092 1982 (coal)"+"B11_installed_capacity- 1982 (oiljAnnual_operating_hours*Actual_operating_hours_2)

1093  "B12_useful_life_(a)" = 100

1094 DOCUMENT: The useful boiler life time is arounf@ gears. This number of based on the technicdirif= The
1095 economic lifetime could be around 25 years. Indheent parametrization the useful boiler lifehiswever, set to
1096 100 years — this based on the assumption thatrlmgifgacity is replaced when needed. This paranaditsiz applies
1097  to all "useful life" variables in the model. SourteA, 2010. Combined Heat and Power [WWW DocumediL
1098 https://iea-etsap.org/E-TechDS/PDF/E04-CHP-GS-gbffiral.pdf (accessed 6.20.25)

1099 "B12_useful_life_(b)" = 100

1100 "Bl4_+_ B15 (waste) - Maximum_boiler_capacity GWHP44 + P15 -
1101  _Maximum_boiler_capacity_(waste) MWh"/"MWh/GWh_urgbnverter"

1102 "B14 + B15 Heat produced" = Waste_fuel_input*'Bffftcy _loss_factor_(update)”

1103 "B14 - B15 Heat supply_demand_gap" = Total_heatader{'B14 + B15 Heat_ produced")
1104 "B14 - Upgrade_fraction" = 0/DT

1105 "B15 - Upgrade_fraction" = 0/DT

1106 "B16_- Upgrade_fraction" = 0/DT

1107 Biomass_from_ForSAFE = GRAPH(TIME)

1108 DOCUMENT: Data input source: FOrSAFE.

1109 Biomass_supply_from_forestry = ("GROT_2009_-
1110  _2017"/Energy_potential_forest_biomass)+BiomassnfieorSAFE*Land_use_switch

1111 "CO2_per_GWh_fossil_(liquid)" = 274
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DOCUMENT: 0,274 tonnes CO2/MWh = 274 tonnes/GVdlirSe: Ljungberg, S., 2018. Will substituting fdssi
fuels with biofuels lead to a net reduction in C&Rissions? — The case of district heating in Ntk
municipality. Stockholm University, Department dfyBical Geography, Stockholm, Sweden.

"CO2_per_GWh_fossil_(solid)" = 335

DOCUMENT: Source: Ljungberg, S., 2018. Will sutging fossil fuels with biofuels lead to a netltetion in
CO2 emissions? — The case of district heating irrkdping municipality. Stockholm University, Depaxent of
Physical Geography, Stockholm, Sweden.

CO2_per_GWh_waste = 90

DOCUMENT: Source: Ljungberg, S., 2018. Will sutging fossil fuels with biofuels lead to a netlzetion in
CO2 emissions? — The case of district heating irrkdping municipality. Stockholm University, Deparent of
Physical Geography, Stockholm, Sweden. Old: 0,0868¢s/GWh New: 90 tonnes/GWh

"CO2-emissions_fossil" = (("Fossil-fuel_use"*Framti liquid)*'CO2_per_GWh_fossil_(liquid)")+(("Fossil
fuel_use"*(1-Fraction_liquid)*'CO2_per_GWh_fossisq(id)"))

"CO2-emissions_waste" = CO2_per_GWh_waste*Wasté ifuymut
Connection_time =12

DOCUMENT: Variable determining how long it withke before all potential customers in the regi@n ar
connected to the district heating system servetth&yCHP plant. (the system adjustment time/settlimg)

Construction_start_time = 1

DOCUMENT: The delay from decision to constructgiart. Based on source: Skog, E., 2011. P15-petjek
Handel6 [WWW Document]. URL https://www.vok.nu/wp-
content/uploads/2013/11/Panndagarna2011_Erik_S#bfapcessed 6.20.25).

Construction_time = 0,5

DOCUMENT: The time it takes to install the cappcBased on source: Skog, E., 2011. P15-projeKig&ndelo
[WWW Document]. URL https://www.vok.nu/wp-contenpoads/2013/11/Panndagarna2011_Erik_Skog.pdf
(accessed 6.20.25).

"Delivered_district_heating 2009 - 2018" = GRAPH{B)

(1996,00, 1033,0), (1997,00, 979,0), (1998,00, 1m271999,00, 1018,0), (2000,00, 890,0), (20019E2,0),
(2002,00, 931,0), (2003,00, 948,0), (2004,00, 99@¢2D05,00, 898,0), (2006,00, 878,0), (2007,0@,61
(2008,00, 1005,0), (2009,00, 961,0), (2010,00, 1M982011,00, 920,0), (2012,00, 980,0), (20139H1,,0),
(2014,00, 870,0), (2015,00, 867,0), (2016,00, 9162D17,00, 896,0), (2018,00, 901,0)

DOCUMENT: Source: Swedenergy, 2020. Tillford egieitl fiarrvarme och kraftvarme - aldre statisfjWWWwW
Document]. URL. https://www.energiforetagen.seistifjarrvarmestatistik/tillford-energitillforcenergi-till-
flarrvarme-och-kraftvarme/ (accessed 6.6.20).

Desired_biomass_outtake = "B11_+_ B13_capacity satatin"/Energy_potential_forest_biomass

Desired_capacity_B11 = IF TIME =1979 THEN 85/DT H.8
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Desired_capacity B12 = IF TIME =1979 THEN 125/DTHt0
Desired_capacity B13 = IF TIME =1990 THEN 130/DTSE.0
Desired_capacity B14 = IF TIME =2000 THEN 75/DT HEL8
Desired_capacity B15 = IF TIME =2008 THEN 85/DT EH.8
Desired_capacity B16 =0

Desired_capacity_utalisation = Total_heat_demarffi¢lEncy loss_factor_(update)"

"Desired_capacity _utalisation_B11 - B13"="B14 -

_B15 Heat_supply_demand_gap"/"Efficiency_loss_fadigpdate)"”

"Desired_capacity_utalisation_B11 - B14"="B11 13BEnergy_gap"/"Efficiency_loss_factor_(update)"
"Desired_fossil-use" ="B12_+ B11_capacity_utalisait
Desired_waste_outtake ="P14 + P15 capacity utialisdEnergy_potential _waste

"Difference_in_CO2-equivalents" = Final_referencéhwno_biomass-
(Total_CO2_emission_from_energy_provision+"AV._Sd@ference")

"Efficiency_loss_factor_(sensitivity _analysis)" -RBPH(TIME)
(1979,00, 0,500), (1998,50, 0,600), (2018,00, 0,700
"Efficiency_loss_factor_(update)" = GRAPH(TIME)

(1978,00, 0,7), (1994,00, 0,85), (2010,00, 0,9)
"Energy_efficiency_(high)" = GRAPH(TIME)

(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,6@D50,00, 0,560)

DOCUMENT: Source: LiU, 2020. Norrképings framtiffarrvarmemarknad [WWW Document]. URL
https://liu.se/artikel/norrkopings-framtida-fjarmmemarknad (accessed 6.26.20).

"Energy_efficiency (low)" = GRAPH(TIME)
(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,84M50,00, 0,740)

DOCUMENT: Source: LiU, 2020. Norrkopings framtifjarrvarmemarknad [WWW Document]. URL
https://liu.se/artikel/norrkopings-framtida-fjarmmaemarknad (accessed 6.26.20).

Energy_potential_forest_biomass = 0,0049

DOCUMENT: Assumption: The forest harvest resiguarild be left at the site to dry in piles beforéngeused in
the CHP plant, resulting in a relatively high enecgntent (as the moist level may be as low as 2@4irce:
Ljungberg, S., 2018. Will substituting fossil fuelith biofuels lead to a net reduction in CO2 eliniss? — The case
of district heating in Norrkdping municipality. $kholm University, Department of Physical Geography
Stockholm, Sweden.
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Energy_potential_from_forest_residue = Biomass_lufqom_forestry*Energy_potential_forest_biomass
Energy_potential_waste = 0,003

DOCUMENT: The energy recovery is approximate§61, MWh/tonne (weighted average) of the number of
tonnes of waste. Source: Avfall Sverige, 2018. SsfetVaste Management 2018. Malmé.

Final_reference_with_no_biomass = GRAPH(TIME)

DOCUMENT: Reference run; CO2 emissions when no bigsris used for energy provision.
"Fossil_total_2009_- 2018" = "Fossil-use_Coal_20092018"+Other_fossil+"Oil_use_2009 - 2018"
"Fossil-fuel_use" = "Desired_fossil-use"*"Fossileuswitch"

"Fossil-use_Coal_2009 - 2018" = GRAPH(TIME)

(2009,000, 117,1), (2010,000, 174,0353876), (20X1,,04,56818756), (2012,000, 144,7510823), (2018,00
73,2151), (2014,000, 42,0), (2015,000, 35,0288)162000, 70,39), (2017,000, 58,7), (2018,000, 62,71

DOCUMENT: Source: Swedenergy, 2020. Tillférd endifl fjarrvarme och kraftvarme - aldre statisfWww
Document]. URL. https://www.energiforetagen.seistiédfjarrvarmestatistik/tillford-energi/tillforcenergi-till-
flarrvarme-och-kraftvarme/ (accessed 6.6.20).

"Fossil-use_switch" = 1
DOCUMENT: IF TIME
Fraction_liquid = 0,121725732

DOCUMENT: The fraction liquid fossil fuels out tfe total use of fossil in the CHP plant. Calcetbbased on
reference year 2015. Fraction liquid versus salgsil fuels = 0,121725732 Liquid 15,8 (GWh) Solit{GWh)
Total 129,8 (GWh) Source: Ljungberg, S., 2018. Wlibstituting fossil fuels with biofuels lead toet reduction in
CO2 emissions? — The case of district heating irrldping municipality. Stockholm University, Deparént of
Physical Geography, Stockholm, Sweden.

"GROT_2009_- 2017" = GRAPH(TIME)

(2009,0, 502,2), (2010,0, 496,025656664), (201480,851313328), (2012,0, 483,676969992), (2013,0,
477,502626656), (2014,0, 471,32828332), (2015,8,148939984), (2016,0, 458,979596647), (2017,0,
452,805253311)

DOCUMENT: Source: Swedenergy, 2020. Tillford egieitl fiarrvarme och kraftvarme - aldre statisfjlWWWwW
Document]. URL. https://www.energiforetagen.seistifjarrvarmestatistik/tillford-energitillforcenergi-till-
flarrvarme-och-kraftvarme/ (accessed 6.6.20).

Heat_demand_supply_gap = Total_heat_demand-Totl $igplied
Heat_ fraction_1=1
Land_use_switch =1

Max_number_of_customers = 6550+403+345
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1211
1212
1213
1214
1215
1216
1217
1218
1219
1220

1221

1222

1223

1224

1225

1226

1227
1228

1229
1230
1231

1232

1233
1234

1235
1236
1237

1238

1239
1240

1241
1242
1243

1244

1245
1246

DOCUMENT: The maximum number of customers inrdmgion. Calculated based on: The number of customer
in reference year 2013 = 6 550. This number reptespprox. 95% of the total customer base. Sodateansson,
L.C., 2014. E.ON Varme Sverige AB Panna 11, Handeket — Eldning av returtrda Temadag Skadegrupf@en 1
November 2014 Linda C Johansson AnlaggningsanspatigyW Document]. URL https://www.vok.nu/wp-
content/uploads/2014/11/Erfarenheter-fran-Pannakindeloverket.pdf (accessed 6.6.20) On this bhsis,
maximum customers would be: 6550/0.95 — 6550 =7&Fhere is also the potential for an expansiathef
customer base: “potentialen for nyanslutningar, sestar av nybyggnationer i takt med en vaxandk &ra59
GWh fram till 2035” Source: LiU, 2020. Norrkdpin§amtida fjarrvarmemarknad [WWW Document]. URL
https://liu.se/artikel/norrkopings-framtida-fjarmmemarknad (accessed 6.26.20). If the averagecheatimption
per customer is 0,1465, it gives 59/0,1465= 40288 customers by 2035.

Max_potential_waste_imports = ("Waste_use_2009 182&nergy_potential_waste)-Local_waste_supply
"Maximum_boiler_capacity (GWh)" = "Maximum_boileagacity (MWh)"/1000
"Maximum_boiler_capacity (MWh)" = "Total_CHP_boilerapacity (MW)"*(Annual_operating_hours)
"Maximum_boiler_capacity (TWh)" = "Maximum_boilemagacity (GWh)"/1000
"MWh/GWh_unit_converter" = 1000

"Oil_use_2009_-_2018" = GRAPH(TIME)

(2009,000, 146,1), (2010,000, 75,17093388), (20X1,,86,8597433), (2012,000, 21,32115886), (2013,000
28,2306), (2014,000, 23,0), (2015,000, 25,63171162000, 29,17), (2017,000, 3,0), (2018,000, 4,63)

DOCUMENT: Source: Swedenergy, 2020. Tillford egieitl fijarrvarme och kraftvarme - aldre statisfjWWWwW
Document]. URL. https://www.energiforetagen.seistidfjarrvarmestatistik/tillford-energi/tillforcenergi-till-

fiarrvarme-och-kraftvarme/ (accessed 6.6.20).

Other_fossil = GRAPH(TIME)

(2009,000, 174,6), (2010,000, 0,0), (2011,000,, @AW12,000, 0,0), (2013,000, 0,0), (2014,000,,4ZY15,000,
0,0), (2016,000, 0,0), (2017,000, 0,0), (2018,@)0)

DOCUMENT: Source: Swedenergy, 2020. Tillférd endifl fjarrvarme och kraftvarme - aldre statisfWww
Document]. URL. https://www.energiforetagen.seistidfjarrvarmestatistik/tillford-energi/tillforcenergi-till-

flarrvarme-och-kraftvarme/ (accessed 6.6.20).

"P11_-_ Useful_life" = 100

"P14_+ P15 - Maximum_boiler_capacity (waste) MWH"B14 installed_capacity -

_2002_(waste)"'+"B15_installed_capacity - 2010_(e@¥t(Annual_operating_hours*Actual_operating_hqgurs

"P14_+ P15 capacity utalisation" = IF Desired_c#pagtalisation <= "B14_+_B15 (waste) -

_Maximum_boiler_capacity GWh" THEN Desired_capauditialisation ELSE "B14_+ B15 (waste) -
_Maximum_boiler_capacity GWh"

"RT_flis_2009_- 2018" = GRAPH(TIME)

(2009,000, 385,8), (2010,000, 171,7547734), (201,,62,00912648), (2012,000, 63,67343377), (2018,00
56,7082), (2014,000, 49,0), (2015,000, 31,8738)162000, 51,4), (2017,000, 58,3), (2018,000, 50,7)
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1247
1248
1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262
1263

1264
1265
1266

1267
1268
1269
1270

1271

1272

1273
1274
1275
1276
1277
1278
1279
1280
1281

DOCUMENT: Source: Swedenergy, 2020. Tillférd endifl fjarrvdrme och kraftvarme - aldre statisfWww
Document]. URL. https://www.energiforetagen.seistiédfjarrvarmestatistik/tillford-energi/tillforcenergi-till-
fiarrvarme-och-kraftvarme/ (accessed 6.6.20).

"Sensitivity_analysis_-_energy_efficiency" = GRAAHYIE)

(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,5@D50,00, 0,200)

SOC_difference = SOC_diversification_and_stricttansbility-SOC_high_intensive_scenario

SOC_diversification_and_strict_sustainability = GRATIME)
DOCUMENT: Input source: ForSAFE

SOC_high_intensive_scenario = GRAPH(TIME)

DOCUMENT: Input source: ForSAFE

Soil_CN_div._and_strict_sustainability = GRAPH(TIME

Input source: ForSAFE

Soil_CN_ration_high_intensive = GRAPH(TIME)

DOCUMENT: Input source: ForSAFE

Support_electricty = GRAPH(TIME)

(2009,000, 84,6), (2010,000, 8,016), (2011,0001 EB38058), (2012,000, 3,0), (2013,000, 79,0), (2008, 71,0),
(2015,000, 35,8177), (2016,000, 40,7), (2017,0006)4 (2018,000, 42,98)

DOCUMENT: Source: Swedenergy, 2020. Tillford egieitl fiarrvarme och kraftvarme - aldre statisfjiWWWwW
Document]. URL. https://www.energiforetagen.seistitfjarrvarmestatistik/tillford-energi/tillforcenergi-till-
flarrvarme-och-kraftvarme/ (accessed 6.6.20).

"Total_CHP_boiler_capacity (MW)" = ("B12_installezhpacity- 1982 (coal)'+"B13_installed_capacity -
1993 (biomass)"+"'B14 installed_capacity - 2002 sfej+"B12_-
_Capacity_converted"+"B11_installed_capacity - 19B®mass)"+"B11_installed_capacity-

1982 (oil)"+"B15_installed_capacity - 2010_(wa$te)

Total_CO2_emission_from_energy_provision = "CO2sgmiains_fossil"+"CO2-emissions_waste"
Total_heat_demand = Number_of _customers*'Av._heanahd_per_costumer™*"Energy_efficiency_(low)"

DOCUMENT: "Normal" reduction in the past; 0,5-1%r year. Source: Blomgvist, S., Rohdin, P., OdJund
2018. Hallbar Region Ett forskningsprojekt for dksainverkan mellan energi- och fastighetsbolag. Nidte total
heat demand is calculated as the average heat dgmeacustomer x energy efficiency development(afce case
16% or high efficiency 34%). Calculated on a ye&dgis, no seasonal variation is accounted forccesuThe
assumptions about potential reference cases foggeéficiency development are based on scenarid woesented
in the master thesis: Bley, S. and Lindstrém, B17. "Norrkdpings framtida fjarrvarmemarknad: Sméoanalys
av efterfragan 2035," Linkoping University, Swed&ummary of research (in Swedish): LiU, 2020. Nopikgs
framtida fjarrvarmemarknad [WWW Document]. URL Htfliu.se/artikel/norrkopings-framtida-
flarrvarmemarknad (accessed 6.26.20).
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1282 Total_heat_supplied ="B12_+ B11 Heat produced"d'BA 13 _Heat produced"+"B14 + B15 Heat produced"
1283 Total_waste_supply = Local_waste_supply+Waste_itspor

1284 Upgrade_fraction_B11 = IF TIME=1993 THEN 1/DT ELSE

1285 Upgrade_fraction_B12 = 0/DT

1286 Upgrade_fraction_B13 = 0/DT

1287 Usueful_life_B13 = 100

1288 Usueful_life_B14 =100

1289  Usueful_life_B15 = 100

1290  Usueful_life_B16 = 100

1291  Waste_fuel_input = Total_waste_supply*Energy_pagnivaste
1292 "Waste_generation_reduction_fraction_(update)" -ABR(TIME)
1293  (2010,00, 1,000), (2023,00, 0,900), (2035,00, 0),7&W50,00, 0,600)

1294 DOCUMENT: Based on municipal waste managememtpées well as the Swedish Waste Management
1295  Association targets. Source: Avfall Sverige, 202825-malet [WWW Document]. URL

1296 https://www.avfallsverige.se/2525-malet/ (access8@.20). Norrkdping Municipality, 2019. Avfallspla
1297  Samradsversion.

1298 Waste_import_switch = 1
1299 DOCUMENT: IF TIME

1300 Waste_imports = MIN(Desired_waste_outtake-Local tevasupply;
1301 Max_potential_waste_imports)*Waste_import_switch

1302  "Waste_use 2009 - 2018" = GRAPH(TIME)

1303 (2009,000, 232,2), (2010,000, 309,514359), (2010,,626,3134248), (2012,000, 513,9592189), (2013,000
1304  629,317), (2014,000, 682,0), (2015,000, 590,720)16,000, 565,98), (2017,000, 666,7), (2018,000,&H

1305 DOCUMENT: Source: Swedenergy, 2020. Tillford egi¢itl fijarrvarme och kraftvarme - aldre statisfjWWWwW
1306 Document]. URL. https://www.energiforetagen.seistidfjarrvarmestatistik/tillford-energitillforcenergi-till-
1307 fjarrvarme-och-kraftvarme/ (accessed 6.6.20).

1308
1309
1310
1311
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Highlights

- Integrated analysis of the bio-based economy, 2030 Agenda and strong sustai nability
- Findings show how these parallel sustainability agendas are mutually interacting

- Both direct and indirect trade-offs and synergies are identified

- Ananalytical framework to support policy coherence and prioritization is proposed
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